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SUMMARY 

Work i n  t h i s  l a b o r a t o r y  under cont 
t he  Li/LiC104-m 
d e n s i t i e s  i n  ex  
s e p a r a t o r ,  and 
i n c r e a s e  t h e  c a  
whi le  r e t a i n i n g  
The h igh  c u r r e n t  d e n s i t i e s  are necessa ry  f o r  advantageous use  
of  t h e  Dry Tape concept .  

The h i g h l i g h t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  are summarized 
below: 

1. The e l e c t r o l y t e  s o l v e n t  used on Con t rac t  NAS3-7624 was 
found t o  c o n t a i n  4% methanol.  
s o l v e n t  th rough a column of Linde 4 A  molecular  s i e v e s .  Removal 
of t h i s  methanol decreased  DCA-70 decomposi t ion and l i t h i u m  g a s s i n g  
i n  t h e  e l e c t r o l y t e  s o l v e n t .  I n  f u l l  c e l l  t e s t s ,  however, t h e s e  
improvements l e d  t o  only  margina l  changes i n  c e l l  performance,  

T h i s  was removed by p a s s i n g  the  

2 .  The commercial DCA-70 m a t e r i a l  was found t o  c o p t a i n  1 0 %  
sodium s a l t  of  d i c h l o r o i s o c y a n u r i c  a c i d .  T h i s  s a l t  has a lower 
s o l u b i l i t y  i n  t h e  s o l v e n t  and a l s o  poore r  d i s c h a r g e  c h a r a c t e r i s t i c s  
t h a n  DCA-70 .  P u r i f i c a t i o n  of  DCA-70 by r e c r y s t a l l i z a t i o n  i n  m e t h y l  
formate  d i d  not  improve c e l l  performance. 

3. DCA-70 decomposi t ion i s  a c c e l e r a t e d  by c h l o r i d e  i o n s .  
However, under  Dry Tape d i s c h a r g e  c o n d i t i o n s  t h e  decomposi t ion by 
L i C l  would n o t  lead t o  a s e r i o u s  e f f i c i e n c y  l o s s .  

4 .  LiAsF6 p rov ides  a h i g h e r  c o n d u c t i v i t y  i n  m e t h y l  formate  
t h a n  L i C 1 0 4  ( re f .  4 ) .  Although an average v o l t a g e  improvement 
i s  observed i n  ou r  s y s t e m ,  no improvement i n  r a t e  or e f f i c i e n c y  
was p o s s i b l e  by t h e  use  of t h i s  e l e c t r o l y t e ,  DCA-70 s o l u b i l i t y  
and g a s s i n g  a t  4 O C  i s  dec reased  by t h e  u s e  of t h i s  e l e c t r o l y t e ,  

5. The i n c r e a s e  o f  LfC104 c o n c e n t r a t i o n  above 2 molar does 
n o t  i n c r e a s e  t h e  maximum rate  of c e l l  d i s c h a r g e .  An i n c r e a s e  was 
a n t i c i p a t e d  based on Li/CuF2 performances ( re f .  8 ) .  

"DCA-70 = Diqh lo ro i socyanur i c  Acid (ACL-70@,>. 
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acid.  

developed i n  a company-sponsored program. T h i s  g a s s i n g  i s  approxi -  
mately 15cc(STP)/A-hr, under  ambient- temperature ,  3-hour ra te  d i s -  
charge  c o n d i t i o n s .  T h i s  gas i s  approximately 50% m e t h y l  formate  
vapor .  Using 2M LiAsFG and t e s t i n g  a t  4OC only  3 cc(STP)/A-hr 
i s  ob ta ined .  

8. Ce l l  g a s s i n g  was observed  when a 

9 .  A c o r r e l a t i o n  was o b t a i n e d  between c e l l  d i s c h a r g e  
e f f i c i e n c y  and c o n d u c t i v i t y  of cathode b lends  as blended by v a r i -  
ous methods. An i n v e r s e  c o r r e l a t i o n  was o b t a i n e d  between t i m e  
o f  b l end ing  and c e l l  performance. Overblending i s  d e t r i m e n t a l ,  
e s p e c i a l l y  when b lends  were o b t a i n e d  by b a l l  m i l l i n g .  By pre-  
f l u f f i n g  the carbon b l a c k  and p re -g r ind ing  t h e  DCA-70,  Waring 
b l end  times of 5 seconds and t w i n - s h e l l  b lend  times of LO minutes  
could  be used.  However, obvious v i s u a l  h e t e r o g e n e i t i e s  are 
p r e s e n t  i n  such b l ends .  

10. Highest e f f i c i e n c i e s  and rates were o b t a i n e d  w i t h  t h i n  
ca thodes .  High carbon con ten t  o r  high void  volume a l s o  improved 
e f f i c i e n c y  and h igh  r a t e  performance. I n  these areas a t r ade -o f f  
i s  r e q u i r e d  between the rate and e f f i c i e n c y  i n c r e a s e  and energy 
d e n s i t y  decrease. The d i s c h a r g e  data below summarize the capa- 
b i l i t i e s  of t h e  p r e s e n t  s y s t e m .  

CONSTANT VOLTAGE DATA ( 3 . 2  VOLTS) 
1 L o a d i n g  E n e r g y  D e n s i t y  

( A - m i n / c m 2 ) .  C a t h o d e  E f f i c i e n c y  ( X )  ( w - h r / l  b )  



CONSTANT CURRENT DATA 

L o a d i n g  C u r r e n t  D e n s i t y  C a t h o d e  E n e r g y  D i s c h a r g e  T ime 
( A - m i n / c m 2 )  (mA/cm2) E f f i c i e n c y  D e n s i t y  t o  2.0 v o l t s  

( % )  ( w - h r / l  b )  ( m i n )  

232 1 0  63 1 4 6  1 4 8  

213 10  58 1 5 8  122  

8 15  64 8 9  33 

3 25  54  69  6 

E n e r g y  d e n s i t y  b a s e d  on w e i g h t s  o f  anode, c a t h o d e ,  s e p a r a t o r  
and e l e c t r o l y t e .  Anode w e i g h t  i s  u n n e c e s s a r i l y  h i g h  and  
a d v e r s e l y  e f f e c t s  v e r y  h i g h  r a t e  d a t a .  
17% c a r b o n  i n  c a t h o d e  
25% c a r b o n  i n  c a t h o d e  

11. The L i / D C A - 7 0  system can be s t o r e d  i n  an Aclar  33C 
envelope.  Heat sealed packe t s  were d i scha rged  a f t e r  3 months 
wi thou t  n o t i c e a b l e  performance l o s s .  The envelope weight p e n a l t y  
i s  18 mg/cm2, or 9% based on t h e  s t a n d a r d  t a p e  ( 2 3  A-min/cm2 
a c t i v a t e d  t a p e ) .  

x i i . i  



I n  a d d i t i o n  t o  having  extended shelf  l i f e ,  a Dry Tape dev ice  
can be des igned  t o  minimize some of t h e  common l i m i t a t i o n s  of 
conven t iona l  ba t te r ies  ; such as r e a c t a n t  d e p l e t i o n ,  r e a c t i o n  
product  build-up and s e p a r a t o r  d e t e r i o r a t i o n .  Because of the 
cont inuous supply of f resh  r e a c t a n t s  and the  removal of r e a c t i o n  
p roduc t s  from t h e  c u r r e n t  c o l l e c t o r  area, a c o n s t a n t  p o t e n t i a l  
and power o u t p u t  i s  main ta ined .  By u s i n g  a compact e l e c t r o d e  
s p a c i n g  w i t h  minimum s e p a r a t o r  t h i c k n e s s ,  t he  d r y  t a p e  can be 
des igned  f o r  high-rate d i s c h a r g e s  of t h e  small a c t i v a t e d  s e c t i o n .  

B .  DRY T A P E  BACKGROUND 

The work d e s c r i b e d  i n  t h i s  r e p o r t  i s  a c o n t i n u a t i o n  of re- 
s e a r c h  performed under Con t rac t s  NAS3-2777, NAS3-4168 and NAS3- 
7624.  

During t h e  i n i t i a l  program (NAS3-2777), t h e  f e a s i b i l i t y  of 
t he  Dry Tape concept was demonstrated u s i n g  a d i v a l e n t  s i l v e r  
ox ide-caa ted ,  porous polypropylene  t a p e  t h a t  was drawn between 
two c u r r e n t  c o l l e c t o r s .  One c u r r e n t  c o l l e c t o r  was a z i n c  b lock  
t ha t  a l s o  s e r v e d  as the  anode. The cathode c u r r e n t  c o l l e c t o r  
was a t h i n  s i l v e r  p l a t e .  E l e c t r o l y t e  was s u p p l i e d  by a second 
tape,  prewet w i t h  e l e c t r o l y t e ,  and s t o r e d  s e p a r a t e l y  ("dual  t a p e  
s y s t e m " ) .  

was r e p l a c e d  by a s i n g l e  t a p e  c o n f i g u r a t i o n  u s i n g  a t h i n  f o i l  
I n  a follow-on program (NAS3-4168), the  "dual  t a p e  sys t em"  



80 w a t t - h r / l b  were ob ta ined .  
development, methods of e l e c t r o l y t e  e n c a p s u l a t i o n  and t a p e  a c t i v a -  
t i o n  were dev i sed .  Also,  t echn iques  f o r  s u p p l y i n g  m u l t i p l e  c e l l  
v o l t a g e ,  p a r a s i t i c  d r i v e ,  and cont inuous  coa ted  t a p e  manufacture  
were developed.  

I n  a d d i t i o n  to e l e c t r o d e  c o n f i g u r a t i o n  

Emphasis was p l a c e d  on t h e  development of  a h i g h  energy 
d e n s i t y  e l e c t r o c h e m i c a l  couple  d u r i n g  t h e  nex t  c o n t r a c t  p e r i o d  
(NAS3-76241, The Li/LiC104(MF)/DCA-70 c e l l  was demonst ra ted  
to g i v e ,  r e p r o d u c i b l y ,  energy d e n s i t i e s  i n  e x c e s s  of  200 w a t t - h r / l b  
based on the  weights  of anode, ca thode ,  s e p a r a t o r  and e l e c t r o l y t e ,  
The Mg/aq. MgBr2/TCA-85 gave 1 2 0  w a t t - h r / l b  and was demonst ra ted  
i n  a dynamic Dry Tape c o n f i g u r a t i o n .  

C o  CONTRACT O B J E C T I V E  

Performance data i n d i c a t e d  that  t h e  cathode was t h e  l i m i t i n g  
f a c t o r  i n  t h e  Li/DCA-70 c e l l ,  Tests  which gave 200 w a t t - h r / l b  
showed cathode e f f i c i e n c i e s  o f  on ly  65 to 70 p e r c e n t .  The  
o b j e c t i v e  of  the p r e s e n t  work (NAS3-9431) t h e r e f o r e ,  was t h e  
o p t i m i z a t i o n  of  the  DCA-70 ca thode ,  

High c u r r e n t  d e n s i t y ,  c o n s i s t e n t  w i t h  h i g h  energy d e n s i t y ,  
adequate  t a p e  s t r e n g t h ,  and t a p e  p r o t e c t i o n  were t h e  s p e c i f i c  
ob j”ec t ives  of  t h i s  c o n t r a c t ,  

2 



A. 

1. 

might c o r r e l a t e  w i t h  maximum energy d e n s i t y .  T h e r e f o r e ,  (1) the  
k inemat i c  v i s c o s i t i e s  of LiC104-MF s o l u t i o n s  were de termined  as 
a f u n c t i o n  of e l e c t r o l y t e  m o l a r i t y ,  and ( 2 )  t h e  v i s c o s i t i e s  of 
2M LiC104-MF s o l u t i o n s  were determined as a f u n c t i o n  of added 
DCA-70, I n  a d d i t i o n ,  s t u d i e s  of LiC104-MF e l e c t r o l y t e  conduc- 
t i v i t y  as a f u n c t i o n  o f  m o l a r i t y  were completed,  

b. The C o n d u c t i v i t y  of  LiC104-MF S o l u t i o n s  as a F u n c t i o n  
o f  M o l a r i t y  

Complete c o n d u c t i v i t y  data are shown i n  F igu re  1. It shou ld  
b e  no ted  t h a t  c o n d u c t i v i t y  i s  maximum i n  3 molar  s o l u t i o n s ,  and 
d e c r e a s e s  at  4 molar  c o n c e n t r a t i o n s .  

The Conduct iv i ty  was n o t  i n f l u e n c e d  by MF p u r i f i c a t i o n .  
S o l u t i o n s  (2M) of L i C 1 0 4  i n  s t a n d a r d  and p u r i f i e d  ( 4 A  molecular  
s i e v e  t r e a t m e n t )  methyl  formate  had i d e n t i c a l  c o n d u c t i v i t i e s  
( 2 . 2 5  x loM2 ohm-’ cm-l). 

Kinematic v i s c o s i t i e s  were de termined  w i t h  a C 
v i scomete r  w i t h  a tube  c o n s t a n t  of 3.643 x 10m3at 2 
v i s c o s i t i e s  r e p o r t e d  i n  T a b l e s  1 and 2 are the  average  o f  two 
d e t e r m i n a t i o n s .  
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T a b l e  1 

K I N E M A T I C  VISCOSITIES O F  L i C l O , + - M E T H Y L  FORMATE SOLUTIONS 

C o n c e n t r a t i o n  L i  C104 
( m o l e s / ’ l i  t e r )  

o . o *  
0 .5 

1 . 0  

1 . 5  

1 .75  

2 .0  

3 . 0  

4.0 

r V i  scos  i t 
( c e n t i s t o k e s  

0.351 

0.451 

0.573 

0.758 

0.872 

1.031 

1.955 

3.761 

P u r e  MF * 

T a b l e  2 

K I N E M A T I C  V I S C O S I T I E S  OF 2 M  LiC104-MF SOLUTIONS C O N T A I N I N G  DCA-70 

C o n c e n t r a t i o n  DCA-70 
( w e i  gh t - % )  

0.0 

4 .0  

8.0 

V i s c o s i t y  
( c e n t i  s t o k e s  ) 

1.031 

1.151 

1.377 

16.0 1.486 
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L i  C 1  O4 C o n c e n t r a t i  on ( m o l e s / & )  

F igu re  2. V i s c o s i t y  o f  LiClO,-Methyl  F o r m a t e  S o l u t i o n s  a t  2 3 . 6 ’ C  
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e. 

DCA-70 i s  s o l u b l e  to the  e x t e n t  of  1 4 %  i n  2M LiClOb-MF 
e l e c t r o l y t e ,  The d i s s o l v e d  d e p o l a r i z e r  changes t h e  v i s c o s i t y  
p r o p e r t i e s  of t h e  e l e c t r o l y t e  (see above ) ,wi th  a n  i n c r e a s e  from 
1 . 0  to 1 . 5  c e n t i s t o k e s .  For t h i s  r eason ,  t h e  conduct 
of t h e  e l e c t r o l y t e  as a f u n c t i o n  of  DCA-70 c o n c e n t r a t i o n  was 
o b t a i n e d .  T h i s  made p o s s i b l e  b e t t e r  c a l c u l a t i o n s  on d i s c h a p .  
ca thodes .  The data a r e  p r e s e n t e d  i n  F i  u r e  5 ,  and show a de 
from 2 .4  x to 1 . 7  x l o w 2  ohm-' cm-F due to t h e  a d d i t i o n  of 
DCA-70.  

The c o n d u c t f v i t y  o f  a s o l u t i o n  of 8 DCA-70/100 m l  MF was 
also measured, The v a l u e ,  1 x ohm-? cm-l, i n d i c a t e s  t h a t  
t h e  hydroxy l i c  hydrogen is n o t  a c i d i c  i n  t h e  s e n s e  of  a f ree  
p r o t o n  m i g r a t i o n  i n  t h e  s o l v e n t .  

(2) Solubility o f  LiCl i n  2M LiCIOk(MF) 

L i C l  i s  one of  t h e  p roduc t s  of t h e  Li/DCA-70 c e l l  
r e a c t i o n .  The s o l u b i l i t y  i s  known to be  compara t ive ly  low. It 
is a n  unknown i n  o u r  system which can  be  e a s i l y  determined.  An 
i n c r e a s e  i n  s o l u b i l i t y  cou ld  improve t h e  c o n d u c t i v i t y  of e l e c -  
t r o l y t e  and a l s o  p r e v e n t  p r e c i p i t a t i o n  as a t h i n  f i l m  o v e r  t h e  
carbon r e a c t i o n  s i tes .  F i n a l l y ,  Li+ i s  g e n e r a t e d  a t  t h e  anode, 
and i f  i t  is p r e c i p i t a t e d  q u a n t i t a t i v e l y  a t  t h e  ca thode ,  t h e n  
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The s o l u b i l i t y  of L i C l  i n  2M LiClOb(MF) was determined 
by s a t u r a t i n g  a s o l u t i o n  w i t h  LiC1-, f i l t e r i n g ,  d i l u t i n g  w i t h  
water and t i t r a t i n g  w i t h  s t a n d a r d  A g N 0 3  s o l u t i o n .  A p o t e n t i o -  
m e t r i c  endpoin t  was o b t a i n e d ,  u s i n g  a s i l v e r  wire and s a t u r a t e d  
calomel e l e c t r o d e .  The s o l u b i l i t y  i s  5.2 g/R o r  0 . 1 2  molar.  I n  
pure  s o l v e n t  (MF) t h e  s o l u b i l i t y  o f  L i C l  i s  1.1 g/a.  
2 .  LiAsF6-Methyl Formate E l e c t r o l y t e  

a. Preparation o f  LiAsF6 and E l e c t r o l y t e  Character izat ion 

Based on t h e  r e s u l t s  o b t a i n e d  at Honeywell ( r e f .  4 ) ,  LiASF6 
w a s  p repa red  i n  m e t h y l  formate s o l u t i o n  by p r e c i p i t a t i o n  of KBF4 
from s t o i c h i o m e t r i c  e q u i v a l e n t s  of  LiBF4 and K A s F 6  i n  methyl 
formate .  

The KAsF6 (Ozark-Mahoning) was d i s s o l v e d  i n  p u r i f i e d  m e t h y l  
formate t o  g i v e  t h e  c o r r e c t  m o l a r i t y .  LiBF,, (Foote  Mineral  Co. )  
was then added t o  t h i s  s o l u t i o n  i n  s t o i c h i o m e t r i c  equ iva lence .  
After 30 minutes  t h e  s o l u t i o n  was f i l t e r e d  t o  remove the KBF4. 
A l l  o p e r a t i o n s  were performed i n  a g love  box. 

S o l u t i o n s  o f  2 and 3 moLar LiAsF6 were prepared i n  t ' h i s  
manner. Densi ty  and c o n d u c t i v i t y  data are g iven  i n  T a b l e  3. 
The d e n s i t y  was determined w i t h  a L ipk in  b i c a p i l l a r y  pycnometer. 

Table 3 

P R O P E R T I E S  O F  LiAsF6 ( M F )  E l e c t r o l y t e s  

Molarity 
( m o l e s / l )  

2 1 . 2 2  3 . 9  x 10 -2  

3 1 .24  3 . 8  x 

The c o n d u c t i v i t y  and d e n s i t y  of these s o l u t i o n s  are 
s u r p r i s i n g l y  similar.  The c o n d u c t i v i t i e s  of t h e  s o l u t i o n s  are 
similar t o  t h o s e  i n  r e f e r e n c e  4, a l though o u r  3 M  va lue  i s  
h igher .  
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b .  C o n s t a n t  C u r r e n t  D i s c h a r g e  D a t a  

Cells  were discharged w i t h  2M and 3M LiAsF6 a t  1 0  and 25 
mA/cm2. 
o f  e l e c t r o l y t e ;  t h e r e f o r e ,  t h e  c e l l s  were d i sman t l ed  and 0 . 3  m l  
more was added. There  i s  c o n s i d e r a b l e  evaporiation loss  u s i n g  
t h i s  procedure  and t h e  energy d e n s i t y  va lues  are a d v e r s e l y  
e f f e c t e d ,  The d a t a  (Table  4) show a v o l t a g e  improvement f o r  
LiAsF6 o v e r  L i C 1 0 4 .  However, there  i s  no i n c r e a s e  i n  e f f i c i e n c y ,  
o r  a b i l i t y  t o  d i s c h a r g e  a t  a h ighe r  r a t e ,  due t o  t h i s  e l e c t r o l y t e  
change. The h ighe r  e l e c t r o l y t e  c o n d u c t i v i t y  C0.039 vs 0 . 0 2 4  
mho/cm f o r  LiC104 (MF)] improves t h e  conduct ion w i t h i n  t h e  
ca thode ,  t h u s  d e c r e a s i n g  t h e  I R  l o s s  and i n c r e a s i n g  t h e  average  
v o l t a g e .  However, t h i s  i n c r e a s e d  c o n d u c t i v i t y  does no t  a l low 
a f a s t e r  or more e f f i c i e n t  d i s c h a r g e .  Hence, these d i s c h a r g e  
f a c t o r s  are a p p a r e n t l y  n o t  l i m i t e d  by  i o n i c  m o b i l i t y .  It a l s o  
seems u n l i k e l y  t h a t  t h e  f a c t o r s  are l i m i t e d  by s imple  DCA-70 
d i f f u s i o n ,  s i n c e  t h e  DCA-70 s o l u b i l i t y  i s  15 w t - % .  However, 
t h e  c o n t r o l l i n g  f a c t o r  may be  d i f f u s i o n  or migra t ion  through 
i n s o l u b l e  r e a c t i o n  product  l a y e r s .  

Cel ls  110717 and 110723 would n o t  o p e r a t e  w i t h  1 . 5  m l  

T a b l e  4 

A COMPARISON OF L iASFf ;  AND LIC’I04 A S  ELECTROLYTE 
SALTS I N  THE L i /DCA-70 CELL 

- C e l l  E l e c t r o l y t e  

110720 2M LiAsF-6 

110718 2M L i A S F 6  

110722 3M L iASF6 

110723 3M L i A s F 6  

109314 2M L I C 1 0 4  

109304 2M L iC104 

C u r r e n t  Ave. 
Dens i t 8  V o l t a g e  
(mA/cm ) (VI 

1 0  3.21 

25 2.99 

1 0  3.28 

25 3.33 

10 2.77 

25 2.78 

E n e r g y  
E f  f i c i e n c y  Dens i t y  

( % I  ( w - h r / l b )  

51 146  

8 25  

52 153  

11 32 

52 133  

11 28 
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B. 

o r i g i n a l l y  a n t i c i p a t e d .  The most l o g  idate  
s m e t h y l  formate ,  t he  low b o i l i n g  l i q  i s  t h e  

e l e c t r o l y t e  s o l v e n t  i n  o u r  L i /DCA-70  c e l l s .  I n  p rev ious  work 
( r e f ,  11, w e  determined tha t  t h e  s o l u b i l i t y  of DCA-70 i n  m e t h y l  
formate  was approximately 1 4 % .  When an a t t empt  was made to 
p r e p a r e  a 1 0 %  s o l u t i o n  f o r  d e p o s i t i o n  s t u d i e s ,  i t  appeared tha t  
a 2 t o  3% s o l u t i o n  was s a t u r a t e d ,  T i t r a t i o n  of a c t i v e  c h l o r i n e  
i n  the s u p e r n a t a n t  l i q u i d  i n d i c a t e d  t h a t ,  even though the re  was 
und i s so lved  s o l i d  ( i n d i c a t i n g  s a t u r a t i o n ) ,  a11 of t h e  a c t i v e  
c h l o r i n e  was i n  t h e  s u p e r n a t a n t  l i q u i d ,  I n  a d d i t i o n ,  when more 
DCA-70 was added, a lmost  a l l  t h e  added a c t i v e  c h l o r i n e  was p re -  
s e n t  i n  t h e  l i q u i d ,  even though the  amount of s o l i d  i n  t h e  s o l u t i o n  
i n c r e a s e d .  The a c t i v e  c h l o r i n e  completely d i sappea red  from t h e  
s toppe red  vo lumet r i c  f l a sk  ove r  a 24-hour p e r i o d  w i t h  t h e  genera-  
t i o n  of  HC1 and a second white  p r e c i p i t a t e ,  

S i m i l a r  r e s u l t s  were found upon t h e  a d d i t i o n  of DCA-70 t o  
2M LiC104-methyl formate  e l e c t r o l y t e  s o l u t i o n s ,  S ince  t h e  de- 
composi t ion of DCA-70 by  m e t h y l  formate  might b e  a cause f o r  reduced 
cathode e f f i c i e n c i e s ,  a l i m i t e d  program was under taken  i n  o r d e r  
t o  determine t h e  n a t u r e  of t he  r e a c t i o n ,  

b e  

( 1 )  S o l u b i l i t y  i n  MF (No E l e c t r o l y t e  S a l t  P r e s e n t )  

F i g u r e  6 shows t h e  d e t e r m i n a t i o n  of DCA-"O/MF s o l u b i l i t y  
by a c t i v e  c h l o r i n e  t i t r a t i o n  of t he  s u p e r n a t a n t  l i q u i d .  Although 
some i n s o l u b l e  s o l i d  i s  p r e s e n t  at  2 9 ,  t r u e  s a t u r a t i o n  occur s  
a t  approximately 15% e 
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A s t u d y  of t h e  rate of decomposi t ion of DCA-70 i n  o u r  
s t a n d a r d  methyl  formate  a t  two d i f f e r e n t  c o n c e n t r a t i o n  was under- 
t a k e n  ( F i g u r e  7). The decomposi t ion i s  ra ther  slow a t  f i r s t  
and t h e n  becomes more r a p i d .  The data are similar t o  what might 
be expec ted  from a second o r d e r  a u t o c a t a l y t i c  r e a c t i o n  ( r e f .  5 ) .  
S i n c e  w e  f e l t  t h a t  t h i s  d e p o l a r i z e r  decomposi t ion might c o n s t i t u t e  
a s e r i o u s  b a t t e r y  problem, w e  i n v e s t i g a t e d  t h e  cause of the  
r e a c t i o n .  

( 3 )  Cause o f  DCA-70 D e c o m p o s i t i o n  

Vapor phase chromatographic  (vpc )  c o n d i t i o n s  were 
developed f o r  t h e  d e t e r m i n a t i o n  of i m p u r i t i e s  i n  methyl  formate 
( 3  f t .  1 / 4 "  Poropak, 50/80 mesh, Type  Q ,  150°C, 1 5  p s i  H e ) .  

96 .1% MF, 3.8% methanol and 0 . 1 %  water. Formic a c i d  and form- 
aldehyde, i f  p r e s e n t ,  were n o t  de t e rminab le ,  s i n c e  t h e y  r e s p e c t -  
i v e l y ,  have t h e  r e t e n t i o n  times of MF and methanol.  

It 

MC & B " S p e c t r o q u a l i t y "  m e t h y l  formate  (MF) showed 

The m e t h y l  formate  used  f o r  o u r  e l e c t r o l y t e  s o l u t i o n s  
i n  h igh  energy b a t t e r y  t e s t s  normally was al lowed t o  s t a n d  o v e r  
4A molecular  s i e v e s ,  and t h e n  d i s t i l l e d  to remove t h e  s i e v e s .  
Vpc a n a l y s i s  showed t h a t  t h i s  material had a decomposi t ion similar 
to the  u n t r e a t e d  MF. 

S i n c e  a l c o h o l s  are known to be  o x i d i z e d  r e a d i l y  by 
DCA-70, methanol was t h e  most l o g i c a l  cho ice  as t h e  f a c t o r  caus ing  
t h e  decomposi t ion.  A p o s s i b l e  decomposi t ion r e a c t i o n  i s  s e e n  
i n  e q u a t i o n  1. 

OH 
I 

OH 
I ('r + CO + 2HCI  ( e q u a t i o n  1) 

I 
+ CHaOH + 

/ \N/ \OH 
I !  

o/ lN/ \o HO 
I 
C I  

Cyanuric  Acid 
DCA-70 

At 15g DCA-70 p e r  100  m l  MF s o l u t i o n  ( t r u e  s a t u r a t i o n -  
see F i g u r e  6 ) ,  3 . 0 4  m l  of methanol  (7.6 X mole) i s  r e q u i r e d  
to reduce  a l l  t h e  DCA-70 added. As s ta ted  above, 3.8 m l  of 
methanol are a v a i l a b l e  i n  s o l u t i o n .  I n  a d d i t i o n ,  i f  a n  e q u a l  
amount of formic  a c i d  i s  p r e s e n t  ( e q u a t i o n  2 ) ,  bu t  unde tec t ed  
because of i t s  vpc c h a r a c t e r i s t i c s ,  on ly  2 .03  m l  of methanol 
would be r e q u i r e d  to decompose a l l  t he  DCA-70 p r e s e n t  i n  a 
s a t u r a t e d  s o l u t i o n .  

15  
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both  e q u a t i o n  (1) and ( 2 ) ,  H C 1  i s  l i b e r a t e d .  T h i s  i s  observed 
under  expe r imen ta l  c o n d i t i o n s .  If H C 1  r e a c t e d  w i t h  t h e  s o l v e n t ,  
m e t h y l  formate ,  as i n  e q u a t i o n  ( 3 1 ,  t h e n  t h e  c o n c e n t r a t i o n  of  
methanol would c o n t i n u a l l y  i n c r e a s e  d u r i n g  t h e  cour se  of t h e  
r e a c t  i o n .  

( e q u a t i o n  3)  

S i n c e  a t  least  2 moles o f  H C 1  are  produced f o r  every  
mole of methanol consumed [equa t ion  (111 t h e  methanol concent ra -  
t i o n  from t h e  hydroch lo rys i s  o f  MF shou ld  c o n t i n u a l l y  i n c r e a s e .  
I n  a d d i t i o n ,  t h e  H C 1  produced a c t s  only as a c a t a l y s t  f o r  t h e  
decomposi t ion of MF, s i n c e  t h e  formyl c h l o r i d e  ( A )  produce 
u n s t a b l e  and d i s p r o p o r t i o n a t e s  i n t o  H C 1  and carbon monoxide. 
The proposed scheme, equa t ions  (l), ( 2 )  and ( 3 )  o f f e r s  an  
e x p l a n a t i o n  for t h e  appa ren t  second o r d e r  a u t o c a t a l y t i c  n a t u r e  
of t h e  r e a c t i o n .  



T a b l e  5 

THE E F F I C I E N C I E S  0F.VARIOUS T E C H N I Q U E S  FOR 
METHANOL REMOVAL FROM METHYL FORMATE 

T e c h n i q u e  

D i s t i l  l a t i o n  
50 cm V i g r e a u x  co lumn 

A d s o r p t i o n  Chromatography  
S i l i c a  g e l  
5A and 13X m o l e c u l a r  s i e v e s  
4A m o l e c u l a r  s i e v e s  

Chemica l  R e a c t i o n  
CaH2 

Remarks 

M e t h a n o l  c o n t e n t  n o t  
r e d u c e d  

No m e t h a n o l  r e m o v a l  
P o o r  m e t h a n o l  r e m o v a l  
Good m e t h a n o l  remova l  
( f r o m  3.7% t o  0 . 1 % )  
No m e t h a n o l  r e m o v a l  

M e t h a n o l  r e d u c e d  by 20% 

Column chromatography through 4A molecular s i e v e s  
(75 g/250 m l ,  1 i n .  diameter column, s t and  t i m e  0 . 5  h r s . ,  
removal ra te  3 ml/min) proved bes t .  Methanol was reduced from 
3.8% t o  0 . 1 % .  Rechromatography over  f resh  s i e v e s  d i d  not  
reduce t h e  vpc peak f u r t h e r .  It i s  p o s s i b l e  t ha t  t h e  0 . 1 %  
i s  formaldehyde rather than  methanol, s i n c e  both  compounds 
have t h e  same r e t e n t i o n  t i m e  under ou r  vpc cond i t ions .  

( 5 )  E f f e c t  o f  M e t h a n o l  Removal on t h e  D e c o m p o s i t i o n  
o f  DCA-70 i n  M e t h y l  Formate  

A comparison of t h e  decomposition rates of DCA-70 
i n  s t a n d a r d  and p u r i f i e d  ( 4 A  molecular s i e v e  t r ea tmen t )  methyl 
formate i s  shown i n  F igure  8 .  P u r i f i c a t i o n  decreases  t h e  
decomposition r a t e  of a 2% s o l u t i o n  by a t  l eas t  a f a c t o r  of 
t e n .  

( 6 )  Summary 

DCA-70 decomposes i n  methyl formate s o l u t i o n .  
The decomposition i s  caused by an  impuri ty  i n  t he  
MF ( 4 %  methanol).  

18 
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Methanol can  b e  removed from MF by chromato 
o v e r  4 A  molecular  s i e v e s .  

b. 

( 1 )  S o l u b i l i t y  o f  DCA-70 i n  2 M  L iC104-MF S o l u t i o n s  

The s o l u b i l i t y  of DCA-70 i n  e l e c t r o l y t e  ( e a .  1 3 % )  i s  
similar to t h a t  i n  MF a lone .  The p o i n t  of appa ren t  s a t u r a t i o n  
i s  h i g h e r ,  however ( F i g u r e  9 ) .  

( 2 )  The E f f e c t  o f  LiClO,, on  t h e  D e c o m p o s i t i o n  o f  DCA-70 
i n  S t a n d a r d  M e t h y l  F o r m a t e  

The a d d i t i o n  of 2M L i C 1 0 4  to s t a n d a r d  (unchromatographed) 
MF caused a l a r g e  d e c r e a s e  i n  t h e  ra te  of decomposi t ion of DCA-70 
r e l a t i v e  t o  MF a l o n e  (F igu re  10). Thus, a t  a c o n c e n t r a t i o n  of 
1 0 %  DCA-70 ,  t h e  p re sence  of 2 M  L i C 1 0 4  reduced  DCA-70 decomposi t ion 
to a l e v e l  comparable to t ha t  of DCA-70 i n  MF chromatographed 
o v e r  4 A  molecular  s i e v e s  (see F i g u r e  8 ) .  With L i C 1 0 4  p r e s e n t ,  
on ly  5% DCA-70 decomposi t ion took  p l a c e  a f t e r  24 hours .  Without 
L i C 1 0 4  p r e s e n t ,  t h e  DCA-70 i s  completely decomposed a f t e r  the  
same t i m e  p e r i o d ,  

Although L i C 1 0 4  s t a b i l i z e s  DCA-70 s o l u t i o n s  i n  s t a n d a r d  
MF, t h e  s t a b i l i z a t i o n  i s  even g r e a t e r  i f  t h e  L i C l O 4  i s  used  i n  
p u r i f i e d  MF. T h i s  i s  e s p e c i a l l y  n o t i c e a b l e a t  low DCA-70 con- 
c e n t r a t i o n s .  T h i s  e f f e c t  i n  2% DCA-70 s o l u t i o n s  i s  shown i n  
F i g u r e  11. 

All of t h e  above DCA-70 decomposi t ion exper iments  were 
c a r r i e d  o u t  a t  DCA-70 to LiC104-MF e l e c t r o l y t e  s o l u t i o n  r a t i o s  
of 1:50 ( 2 % )  o r  1:lO ( 1 0 % ) .  The DCA-70 to e l e c t r o l y t e  s o l u t i o n  
r a t i o  i n  o u r  h i g h  energy d e n s i t y  b a t t e r y  c e l l s  i s  1:l ( r e f .  1). 

20 



2 1  



=\ '0 a, 

U 
(0 

E 
\ 
CT 
a, 
E 

I 
cu 
cu 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
? 
I 

f f  
0 0  

v u  

2 - I  

7 -  

.r .C 

0 5 '  
z c u  

o u  

t 
4 

. . 

3 

7 

n 
L 
i= 
v 

t a  
E 

I- 
.C 

.J 

J 

I 

22 



'0 
W 

Y- 

L 

*I- 

c 

a 
n 

U 
W 
m 

e 
E 
\ 
CT 
W 
E 

m 
e 

V 

CI 
e, 
L 
0 
W 
r 
c 

.r 

b 

I I I 

-=r 
N 

N 
N 

0 
N 

cn 
e 

W 
e 

d 
F 

h 

L 
r 
Y 

N W  
E 

c 
- 

.r 

5 - 

13 

0 

t 

.J 

23 



a 
r_ 

E 
\ 
U 
QJ 
E - 
e 
V 

c, 
aJ 
L 
0 
W 
.c 
I- 

.C 

L 
N 

N 

v u  
L W  
a .r 
V U -  
E %-- 

+ = I  
m L  

m a  
0 0  

I 1 I I I 
co d 0 10 N 

c_ 0 0 0-. .- 

aJ 
c, 
h 

0 
L 
c, 
V 
QJ 

W 

c 

.- 

t 
0 

V 

-1 

S I  
N 

E 

- 
.C 

.r 

0 
h 

I 
< u 
n 
+ 
0 

S 
0 

c, 

VI 
0 
Q 
E 
0 
V 
W 

.C 

.r 

n 
0) 
.c 
c, 

E- 
o r  

0 
W 1- 
c,cI 
e m  
E L  
Lc, 
O E  
u w  

V 
- c  
h O  

T V  
c, 
W -  
E.- 

W 
V V  
0) .- h 
U - L  
.r W 
Lc, 
3 0  

n m  n 
OY 
r w  
.I- r 
mc' =) 

+ I -  

O E  

-0 
v o  
a- + \  
U-0 :  
W 
0 

W O  
SI- 
I-- 

r*1 
r-l 

W 
L 
3 
(51 

U 
.r 

24  



d.  I d e n t i f i c a t i o n  of  t h e  D e c o m p o s i t i o n  P r o d u c t s  o f  DCA-70 
i n  MF 

t i  
2% 

. .. . .. 

( 1 )  Q u a n t i t a t i v e  A n a l y s i s  o f  t h e  Decompos i t ion  o f  
DCA-70 i n  S t a n d a r d  MF 

A s  d e s c r i b e d  above, excess  s o l i d  (and  appa ren t  s a t u r a -  

DCA-70.  I n  a d d i t i o n ,  a f t e r  s t a n d i n g  f o r  24 h o u r s ,  t h e  DCA-70 
on)  occur s  i n  DCA-aO/MF s o l u t i o n s  s t a r t i n g  a t  approximate ly  

s o l u t i o n s  c o n t a i n  a w h i t e  s o l i d  c o n t a i n i n g  no c h l o r i n e .  The 
q u e s t i o n  w e  se t  out to answer was: What are t h e  i n i t i a l  and 
f i n a l  w h i t e  s o l i d s ?  

One gram samples o f  DCA-70 were d i l u t e d  w i t h  s t a n d a r d  
( u n p u r i f i e d )  MF i n  1 0  m l  vo lumet r i c  f lasks a t  room t empera tu re  
( 2 2 O C ) .  The samples were i n v e r t e d  25 t i m e s  d u r i n g  t h e  f i r s t  
minute a f t e r  MF a d d i t i o n ,  A t  t h e  end of t h e  s p e c i f i e d  t imes,  
t h e  s o l i d  i n  t h e  f lask  was i s o l a t e d  by vacuum f i l t r a t i o n ,  weighed 
and t i t r a t e d  f o r  a c t i v e  c h l o r i n e  c o n t e n t .  The f i l t r a t e s  from 
t h e  vo lumet r i c  f lask  were evapora t ed  t o  drynesa ,  and t h e  r e s u l t -  
i n g  s o l i d  weighed and t i t r a t e d  f o r  a c t i v e  ChlQrine c o n t e n t .  The 
r e s u l t s  are shown i n  T a b l e  6 ,  The data i n d i c a t e :  

U n d i s s o l v e d  S o l i d  

About 1 0 %  of  t h e  i n i t i a l l y  added DCA-70 i s  i n s o l u b l e ,  and 
t h i s  pe rcen tage  remains c o n s t a n t  f o r  a t  l e a s t  2 hours .  Some- 
t i m e  between 2 and 4 hours  a change o c c u r s ,  Most o f  t h e  s o l i d  
goes i n t o  s o l u t i o n  and t h e  ACL number of  t h e  und i s so lved  m a t e r i a l  
d e c r e a s e s .  A f t e r  24  hours ,  a new p r o d u c t ,  more i n s o l u b l e  t h a n  
DCA-70 ,  has been formed, T h i s  material has a low c h l o r i n e  c o n t e n t  
and an ACL No. of 7. 

On the  basis  of subsequent  s t u d i e s ,  (see S e c t i o n  I I . D ) ,  
t h e  i n s o l u b l e  a c t i v e  c h l o r i n e  compound making up 1 0 %  of t h e  
DCA-70 sample i s  DCA-60, t h e  sodium s a l t  of  DCA-70. 

S o l i d  f rom E v a p o r a t i o n  o f  t h e  S u p e r n a t a n t  L i q u i d  

Approximately 85% o f  t h e  i n i t i a l l y  added DCA-70 goes 
i n t o  s o l u t i o n ,  The weight  of m a t e r i a l  i n  s o l u t i o n  i n c r e a s e s  w i t h  
t i m e  as t h e  und i s so lved  s o l i d  (DCA-60) s lowly  goes i n t o  s o l u t i o n .  
The ACL No., s t a y s  f a i r l y  c o n s t a n t  f o r  2 hours  and t h e n  d e c r e a s e s .  
After  24 hour s ,  a lmost  a l l  the d i s s o l v e d  material  has been changed 
t o  t h e  i n s o l u b l e  w h i t e  s o l i d ,  which has a very  low a c t i v e  c h l o r i n e  
c o n t e n t .  Use fu l  i n f o r m a t i o n  can be  o b t a i n e d  from a comparison of 
t h e  m i l l i e q u i v a l e n t s  o f  a c t i v e  c h l o r i n e  p e r  m i l l i l i t e r  of super -  
n a t a n t  Liquid  i n  T a b l e  6 and F igu re  1 0  (two d i f f e r e n t  e x p e r i m e n t s ) .  
These data show t h a t  similar va lues  are o b t a i n e d  from t h e  t i t r a t i o n  
o f  an  a l i q u o t  of  s u p e r n a t a n t  l i q u i d  and t h e  t i t r a t i o n  of  t h e  

25 



4 I 0- 
z c  
< n r  
c - - u  
v) *I- 

c, 
z w  
M L  

0 
o w  
h l  
I C  
4 .  
v w  
c3c 

LLL 
0 0  

zr 
O U  

C W  
M >  
v) .I- 
00 
n u  
Z U  
0 
v .  
L b l u  
m a ,  

E 
w 
I c u  
I - .  
0 

LLcu 

.r - 
U 

O "  
m e  
u E  
v) 
S O  
-1.  
4 0  
z- 
4 \  

cn 
w 
-0 
uo 
I-0 
4 .  
I-- 

I- 
z 
4 
3 
0 

UV 

c 
011 
.I- .r 
u a  
m c r  
L *I- 
01 
P 

> c  
w m  
c, 

E m  
O S  
L L  

LLaJ 
9. 

u s  
.I- v) 

O Y -  
v)o 

a s 0  

F 

.!I L 281 
0 

In 
a0 

e 

h - 
W 
Q, 

m 
W m 
0 

* 
(0 

* 
P, 

0 

m 
c 

m 
co 

m * 
co 
0 

d 
W 

0 
c 

ln 
0 

N 

e 
e 

* - 
.- 

0 

W 
0 

0 

h 
W 

Lo 

h .- 

m m 

m 
m m 
0 

00 
W 

- 
co 

m 
W 
c 

10 
a3 

m 
ln 
co 
0 

cn 
ln 

u) 

* 
cu 
e 

h 

* 
h 
0 

0 

0 

c 

co ca 

h 

h 
c 

m 
m 

m 
m 
m 
0 

m 
W 

? 

a3 

m 
W - 
b 
co 

m 
h 
03 

0 

0 
W 

h 

co 
m 
e 

co 

cu 
03 
0 

0 

0 

cu 

W 
I- 

d 

In .- 

Lo 
m 

m * 
m 
0 

co 
m 

U 
P, 

0 

ln - 
c 
Q, 

co 
0 
01 

0 

cu 
m 

CU 

co 
m 
0 

d 

e * 
0 

0 

0 

d 

W 

m 
e 

c 
c 
m 
h 

0, 
cu 
P, 

0 

0 

0 

0 

0 

* 

cu 
d 
0 

0 

P, 

P, 

* 
m - 
a 
W 

h 
co 
W 

0 

0 

w 
N 

c 
c *  

26 



s o l i d  obta ined  a f t e r  v 
l i q u i d  s o l v e n t  (i. e .  , i n d i c a t e s  t 

( D G A - 7 0 )  

s i n c e  C H 3 0 C 1  would have evapora ted  w i t h  t h e  MF. 

T o t a l  ,Recovery of I n 5 t i a . l l y  Added DCA-70 

The total recovery of "grams added" s t a y s  q u i t e  cons t an t  
up t o  4 hours ,  f t  dec reases  t o  73% a f t e r  24  hours .  If a l l  t h e  
DCA-70 were converted i n t o  cyanur ic  a c i d  p l u s  products  which 
were v o l a t i l e  under t h e  vacuum i s o l a t i o n  cond i t ions  ( e . g . ,  H C 1 ,  
HCHO, C O 2 ,  COC12, CO), t hen  a 65% recovery would be expected.  

( 2 )  Stru.ctura1 Analysis  o f  the Insoluble  White 
P.reci pi t a t e  

A s  s een  i n  Tab le  6 ,  DCA-70 i s  converted t o  an i n -  
s o l u b l e  white  s o l i d ,  mp>360°C, upon exposure t o  s t a n d a r d  MF 
f o r  24  hours .  Th i s  s o l i d  conta ined  very l i t t l e  c h l o r i n e  (by  
S20: t i t r a t i o n  o r  B e i l s t e i n  t e s t ) .  The i n f r a r e d  spectrum of 
t h e  s o l i d  was similar t o ,  bu t  no t  i d e n t i c a l  w i t h ,  cyanur ic  
a c i d  (F igure  1 3 ) .  R e c r y s t a l l i z a t i o n  of t h i s  s o l i d  from water 
gave cyanur ic  acid.  A more important  fact  about t h i s  s o l i d ,  
however, i s  t h a t  i t s  i n f r a r e d  spectrum i s  almost i d e n t i c a l  w i t h  
t h a t  from the p r e c i p i t a t e  which coa ted  ou r  Pt test  e l e c t r o d e  
du r ing  the  e l e c t r o r e d u c t i o n  of d i l u t e  DCA-'/O/MF s o l u t i o n s  (see 
S e c t i o n  II.C* and Figure  1 4 ) .  T h i s  s o l i d  might be r e s p o n s i b l e  
f o r  reduced cathode e f f i c i e n c i e s  i n  f u l l  c e l l  d i scha rges .  

27 



(%) 33NVlllWSNWl F (%) 33NVlllWSNVU 
c 

28 



(%) 33NVlllWSI .- 



Table  7 

ANALYSIS OF T H E  DCA-7OIMF DECOMPOSITION P R O D U C T  

E 1 emen t s  

C 
H 
N 
0 
c1 

a s h  

Calcu la t ed  f o r  
Cyanur ic  Acid 

( % )  

27-91 
2.32 

32.56 
37,21 

0 .00  
0 , O O  

Found f o r  
57849a 

( % I  
27.65 

2.42 
30.86 
37 * 33* 

1 , 7 4  
0 .00  

*by d i f f e r e n c e  

With t h e  e x c e p t i o n  of  some r e s i d u a l  c h l o r i n e ,  t h e  
e l e m e n t a l  a n a l y s i s  i s  very  s imi la r  t o  t ha t  expec ted  f o r  cyanuric,  
acid.  The i n f r a r e d  spectra were also similar,  b u t  not i d e n t i c a l .  
While i t  i s  n o t  p o s s i b l e  t o  d e f i n i t e l y  a s s i g n  a s t r u c t u r e  to 
57849a, w e  can conclude the  fo l lowing :  

57849a i s  o r g a n i c  and very s imilar  to cyanur i c  a c i d .  

The e l e c t r o d e  p r e c i p i t a t e  c o n t a i n s  an i n o r g a n i c  
( >  1 0 %  L i ) ,  and an  o r g a n i c  component. The o r g a n i c  
component i s  t h e  same as 57849a. 

e .  The E f f e c t  of  Methyl Formate P u r i f i c a t i o n  on 
Cell  Discharge 

T a b l e  8 shows t h a t  t h e  removal of t h e  methanol i m p u r i t y  
from MF does n o t  s i g n i f i c a n t l y  a l t e r  t h e  performance of  t h e  
Li/DCA-70 c e l l .  A d i f f e r e n c e  i n  t h e  amount of c e l l  g a s s i n g  
d i d  occur ,  however. T h i s  i s  d i s c u s s e d  f u r t h e r  i n  S e c t i o n  I1,D. 

2 .  DCA-70 T h i n  Layer Discharge 

a .  I n t r o d u c t i o n  

I n  a n  e f f o r t  t o  de te rmine  t h e  optimum d e p o l a r i z e r - t o -  
carbon r a t i o  i n  t h e  ca thode  mix, a program w a s  d e v i s e d  i n  which 
t h e  coulombic r e d u c t i o n  e f f i c i e n c y  o f  d e p o l a r i z e r  layers  would 
be measured as a f u n c t i o n  o f  layer t h i c k n e s s .  I n  t h i s  way,  t h e  
maximum t h i c k n e s s  of  a c t i v e  c h l o r i n e  compound t h a t  can be  d i s -  
charged a t  95% ca thode  e f f i c i e n c y  w a s  to b e  de te rmined .  Thin  
layers o f  MnO, have been s t u d i e d  p r e v i o u s l y  ( r e f s .  1 7 ,  1 8 ) .  
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b. T h i n - l a y e r  Discharge Apparatus 

The a p p a r a t u s  shown i n  F igu re  1 5  was des igned  and c o n s t r u c t e d .  
E l e c t r o d e  t e s t i n g  was c a r r i e d  out  i n  t h e  f o l l o w i n g  manner: 

a. A t h i n  layer of  a c t i v e  c h l o r i n e  compound was 
d e p o s i t e d  on the s u r f a c e  of t h e  t e s t  e l e c t r o d e .  

b .  The t e s t  e l e c t r o d e  was i n s e r t e d  i n t o  t h e  t e s t  
a p p a r a t u s .  

e.  The e l e c t r o l y t e  l e v e l  was raised w i t h  t h e  l e v e l i n g  
bulb  u n t i l  i t  c o n t a c t e d  t h e  e l e c t r o d e  s u r f a c e .  
The e l e c t r o r e d u c t i o n  began as soon as c o n t a c t  was 
made w i t h  t h e  e l e c t r o l y t e .  

The volume of t h e  t e s t  c e l l  was approximately 250 m l ,  and a 
Ag/AgCl r e f e r e n c e  e l e c t r o d e  was used.  

c .  T e s t  E l e c t r o d e  P r e p a r a t i o n  

Our t e s t  e l e c t r o d e  i s  p repa red  by t h e  d e p o s i t i o n  of a t h i n  

Two completely d i f f e r e n t  t y p e s  o f  conduct ing  s u b s t r a t e s  

l a y e r  o f  DCA-70  on to  a conduct ing ,  non-porous s u b s t r a t e .  

were cons ide red :  (1) pla t inum,  and ( 2 )  carbon epoxy ( r e f .  6 ) .  
Experimental  t e s t s  were begun w i t h  the  l a t t e r  m a t e r i a l  s i n c e  i t  
was f e l t  that  i t  might b e t t e r  approximate o u r  b a t t e r y  mix sub- 
s t r a t e .  

S h e l l  Epon Resin 820 and V-40 c u r i n g  agent  was mixed w i t h  
Shawinigan a c e t y l e n e  b l a c k  ( S A B ) ,  and t h e  mix was packed i n t o  a 
1.0-cm diameter  g l a s s  t u b e .  After c u r i n g  o v e r n i g h t ,  t h e  e l e c t r o d e s  
were p o l i s h e d  smooth on a Handimet g r i n d e r .  A number of b l ends  
were t r i e d  b e f o r e  a s a t i s f a c t o r y  carbon epoxy e l e c t r o d e  was p re -  
pared .  

sample had a r e s i s t a n c e  o f  7000 ohms. I n  a n o t h e r  sample,  t h e  SAB 
was i n c r e a s e d  t o  40%, and ace tone  was added t o  t h e  mix t o  make i t  
e a s i e r  t o  work w i t h .  After s e v e r a l  m o d i f i c a t i o n s ,  r e s i s t a n c e s  of 
5 ohms were o b t a i n e d .  The major change c o n s i s t e d  of  the f a b r i c a -  
t i o n  o f  a T e f l o n  h o l d e r  f o r  t h e  epoxy mix c o n t a i n i n g  a copper 
i n s e r t  f o r  be t te r  mix c o n t a c t .  

The f i r s t  e l e c t r o d e  con ta ined  25% SAB. A 0.12-inch t h i c k  
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d. DCA-70 T h i n  L a y e r  D e p o s i t i o n  

Because of the  u n c e r t a i n t i e s  involved  w i t h  d e p o s i t i o n  of 
DCA-70 f i l m s  f r b m  methyl  formate (see S e c t i o n  II,B,l), f i l m s  
were d e p o s i t e d  from a c e t o n i t r i l e .  By removing the a c e t o n i t r i l e  
wi thout  heat, under  vacuum, r e l a t i v e l y  l i t t l e  DCA-70 decomposi- 
t i o n  occur red  (Table  9 ) .  Most of t he  t h i n  l a y e r s  s t u d i e d  were 
p repa red  by t h i s  t echn ique .  

e. D i s c h a r g e  o f  DCA-70 T h i n  L a y e r s  

Pre l imina ry  d i s c h a r g e  data i n d i c a t e d  t h a t  very  low coulombic 
e f f i c i e n c i e s  were b e i n g  ob ta ined .  The s o l u b i l i t y  o f  t he  layers  
i n  t h e  e l e c t r o l y t e  was, t h e r e f o r e ,  i n v e s t i g a t e d .  

A d e p o s i t  was evapora t ed  from 0 . 1  m l  of DCA-70 s o l u t i o n  
( 1 0  m g / m l )  i n  a c e t o n i t r i l e .  Thus, 1 mg was d e p o s i t e d .  T h i s  
i s  e q u i v a l e n t  t o  1600 mA-sec ( 1 . 6  coulombs).  T h i s  material, i n  
a uniform t h i n  l a y e r ,  would be  5 .6  microns ( %  0 . 0 0 0 2  i n c h )  
t h i c k .  However, t h e  a c t u a l  coverage i s  ~ 2 0 %  as observed  by 
photomicrography. 
f o r  s p e c i f i c  t i m e  p e r i o d s .  When removed, t h e  t h i n  l a y e r  of 
e l e c t r o l y t e  adhe r ing  t o  t h e  e l e c t r o d e  was al lowed t o  dry and the  
amount of DCA-70 remain ing  on t h e  e l e c t r o d e  was determined by 
o u r  s t a n d a r d  1 2 / S 2 0 3 =  t i t r a t i o n  procedure .  The r e s u l t s  (Table  10) 
show t h a t  s o l u b i l i t y ,  f l a k i n g ,  o r  decomposi t ion i s  very r a p i d ,  
compared t o  t h e  t i m e  s c a l e  necessary  f o r  the  e l e c t r o r e d u c t i o n  
exper iments .  

Deposi ted samples were immersed i n  2M LiClOt+(MF) 

S i n c e  a c t i v e  c h l o r i n e  was found i n  t h e  s o l u t i o n ,  the  
decomposi t ion of  DCA-70  can be e l i m i n a t e d  as a cause f o r  t h e  
r a p i d  DCA-70  decrease. S ince  no f l a k i n g  of DCA-70 c rys ta l s  
was observed f o r  t h e  a c e t o n i t r i l e - d e p o s i t e d  layers,  r a p i d  
s o l u b i l i t y  i s  most probably t h e  major cause ,  a l though  f l a k i n g  
cannot b e  r u l e d  o u t  comple te ly .  A l a y e r  of c r y s t a l s  d e p o s i t e d  
from a suspens ion  of hexane d i d  f lake  o f f ,  and no a c t i v e  c h l o r i n e  
was observed a t  t he  e l e c t r o d e  a f te r  15 seconds ( T a b l e  l o ) .  

The DCA-70 layers  were d e p o s i t e d  from a c e t o n i t r i l e  and 
e l e c t r o r e d u c e d  under  v a r i o u s  c o n d i t i o n s  ( T a b l e  11). From t h i s  
data it i s  e v i d e n t  that  h igh  c u r r e n t s  and low layer  c a p a c i t i e s  
are necessa ry  for best  u t i l i z a t i o n .  However, maximum u t i l i z a -  
t i o n s  were only  %5%; t h e  layers  were very t h i n  ( 2 . 8 ~ ) ,  and t h e  
c u r r e n t  d e n s i t i e s  were high (1 mA/cm2). 

Using the  carbon-epoxy e l e c t r o d e  s u b s t r a t e  (CEE) ,  t h e  
e l e c t r o r e d u c t i o n  of DCA-70 cou ld  n o t  be main ta ined  at a c u r r e n t  
d e n s i t y  o f  1 . 0  mA/cm2. 

The h i g h  s o l u b i l i t y  of DCA-70 i n  o u r  e l e c t r o l y t e  made long  
te rm tes t s ,  i . e . ,  > 5 minutes ,  i m p r a c t i c a l .  
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T a b l e  9 

PREPARATION OF DCA-70 T H I N  LAYERS 
( 1 %  A c e t o n i t r i l e  S o l u t i o n )  

D r y 1  ng M e t h o d  

N o t  d r i e d  

I R  Lamp 

Vacuum d ry  ( 2 0 - 6 0  m i n )  

% DCA-70 Unde composed 

90 

0 

82 -83  

T a b l e  1 0  

THE SOLUBILITY OF DCA-70 LAYERS I N  
2M L.iClO4-METHYL FORMATE 

E l e c t r o l y t e  C o n t a c t  S o l v e n t  Used i n  
T ime ( s e c o n d s )  L a y e r  P r e p a r a t i o n  

0 

5 

30  

60 

1 2 0  

1 5  

AN" 

A N  

A N  

A N  

AN 

Hexane 

DCA-70 R e m a i n i n g  o n  E l e c .  
mA-sec - % 

1600 

590 

370  

1 8 0  

1 4 0  

0 

1 0 0  

32 

2 0  

6 

5 

0 

* A c e t o n i  t r i  1 e 
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s t u d i e s .  While d i s c h a r g e  curve was f l a t  ( 2 2 9  mA-min. above + 0.5V 
and 257 mA-min. above -0.5V vs .  Ag/AgCl), t h e  e f f i c i e n c y  was o n l y  
13 .5%.  Although t h i s  i s  good compared t o  the pure  DCA-70  t h i n  
l a y e r s ,  i t  i s  n o t  comparable t o  t h e  normal c e l l  d i s c h a r g e  e f f i c i -  
e n c i e s  ( 6 0 - 7 0 % ) .  
SAB-DCA-70 l a y e r  a g a i n s t  t h e  p l a t inum c o l l e c t o r ,  and t o  excess  
e l e c t r o l y t e .  Both t o o  l i t t l e  p r e s s u r e  and t o o  much e l e c t r o l y t e  
a r e  known t o  be d e l e t e r i o u s  t o  t o t a l  c e l l  performance. 

3 .  C a t h o d e  B l e n d i n g  S t u d i e s  

We a t t r i b u t e  t h i s  t o  l a c k  o f  p r e s s u r e  ho ld ing  t h e  

a .  I n t r o d u c t i o n  

I n  o r d e r  t o  more f u l l y  unde r s t and  t h e  p h y s i c a l  n a t u r e  o f  
our  DCA-70/carbon cathode mix, a program was i n i t i a t e d  t o  s tudy  
t h e  e f f e c t s  of d i f f e r e n t  b l e n d i n g  t echn iques  ( f l u f f ,  s h e a r )  on 
the p h y s i c a l  p r o p e r t i e s  of  t h e  mix ( c o n d u c t i v i t y ,  d e n s i t y ,  p a r t i c l e  
agglomera t ion  and d i s t r i b u t i o n ) .  Bulk e l e c t r o n i c  c o n d u c t i v i t y  
was used t o  s c r e e n  d i f f e r e n t  mixes p r i o r  t o  f u l l  c e l l  t e s t ing .++  

b. B l e n d i n g  T e c h n i q u e s  

(1  ) War i  n g  B1 e n d e r  
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( 2 )  Bal l  Mill Blender 

A small ceramic b a l l  m i l l  (375 cm3),  c o n t a i n i n g  18  two 
c e n t i m e t e r  diameter s t o n e s ,  was used  as o u r  shear a c t i o n  b l e n d e r .  
Ten t o  25 gram samples were mixed. 

( 3 )  

Two one-p in t ,  twin  s h e l l  b l e n d e r s  were used as o u r  f l u f f  
a c t i o n  b l e n d e r .  Twenty-five gram samples mixed w i t h  t h i s  b l e n d e r .  

c.  Conduc t iv i ty  A p p a r a t u s  

A c e l l  f o r  t h e  measurement of  cathode mix c o n d u c t i v i t y  and 
d e n s i t y  (as a f u n c t i o n  o f  a p p l i e d  p r e s s u r e )  was des igned  and 
c o n s t r u c t e d ,  T h i s  a p p a r a t u s  which was b u i l t  t o  be used  i n  a 
Carver  p r e s s ,  i s  shown i n  F i g u r e s  1 6  and 17. 

C o n d u c t i v i t i e s  were measured under  ambient c o n d i t i o n s  i n  
t h e  p r e s s u r e  range  3.0-10,000 l b / i n , 2 .  To p r o t e c t  t h e  metal 
p lunge r  from c o r r o s i o n  by DCA-70, t he  f a c e s  a d j a c e n t  t o  t h e  mix 
were rhodium coa ted .  

d .  General Conduc t iv i ty  D a t a  

The c o n d u c t i v i t y  or s p e c i f i c  conductance ( a )  i s  the  e l e c -  
t r i c a l  p r o p e r t y  which w e  c a l c u l a t e d  as a measure o f  t h e  e l e c t r o n i c  
p r o p e r t i e s  of  t he  mix. 

R = h e i g h t  of t e s t  sample (em) 
A = area of t es t  sample (cm2) 
R = r e s i s t a n c e  o f  t e s t  sample (ohms) 

The a r e a  (A) i s  a c o n s t a n t  (5 .06  cm2) which i s  c h a r a c t e r i s t i c  
of t h e  r a m  i n  o u r  a p p a r a t u s .  The h e i g h t  ( 2 )  of  t h e  sample i s  
measured. The r e s i s t a n c e  ( s 2 )  i s  c a l c u l a t e d  from t h e  v o l t a g e  
produced by a n  impressed  c u r r e n t  o f  1 0 0  milliamperes. The use 
of c o n d u c t i v i t y  (ohm-l cm-l) a l lows  t h e  comparison o f  data among 
samples o f  d i f f e r e n t  s i z e s .  

Data are t a k e n  bo th  under  p r e s s u r e ,  and a f t e r  t h e  p r e s s u r e  
was released. 
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Figure 1 7 .  Conductivity Cell and Testing 
Apparatus. 
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P r i o r  to t h e  s tudy  of b l e n d i n g  t echn ique  Y ,  
t he  c o n d u c t i v i t i e s  of SAB and a s t a n d a r d  ca tho  
mined. 

( p a r a l l e l  to i t s  diameter) upon release of the  p r e s s u r e .  

The a d d i t i o n  of 6.5% carbon f i b e r s  causes  l i t t l e  change 
i n  e i t h e r  t h e  c o n d u c t i v i t y  o r  d e n s i t y  o f  SAB (105084 vs .  105083).  

A number of b a s i c  data r e l a t i n g  to pres su re -conduc t iv i ty  
r e l a t i o n s h i p s  were g e n e r a t e d  u s i n g  o u r  s t a n d a r d  cathode mix 
[83.4% DCA-70, 15.5% SAB, 1.1% carbon f i b e r s  (CF]. The cathode 
mix used i n  these i n i t i a l  measurements was t h e  mix which was 
determined to be  b e s t  from ea r l i e r  e m p i r i c a l  tes ts  ( r e f .  1). 

It w a s  v e r i f i e d  t h a t  data could  be compared among samples 
of d i f f e r e n t  s i z e s  (105061a, 63, 83 ) .  The a b i l i t y  to u t i l i z e  
small t e s t  samples ( e . g . ,  2 . 0  grams) was of i n t e r e s t  because of 
p o s s i b l e  s a fe ty  c o n s i d e r a t i o n s .  

It was determined t h a t  t he  data ob ta ined  from two, s t a n d a r d  
1 . 8  gram samples Waring blended f o r  0 .5  min. each and combined, 
was t h e  same as tha t  from b lend ing  one 3.0 gram sample for 0.5 
minute (105075, 7 6 ) .  

Ne i the r  t h e  c o n d u c t i v i t y  nor  t he  d e n s i t y  of t he  cathode mix 
i s  much changed by t h e  e l i m i n a t i o n  o f  t h e  1.1% CF component 
(105074, 81, 82 ) .  

The c o n d u c t i v i t y  of o u r  s t a n d a r d  cathode mix as a f u n c t i o n  
of a p p l i e d  p r e s s u r e  i s  shown i n  F igu re  1 9 .  It can be s e e n  t h a t  
t h e  sample c o n d u c t i v i t y  under p r e s s u r e  i s  q u i t e  d i f f e r e n t  from 
tha t  of t h e  p r e s s u r e  released sample (105081).  The e r r a t i c  
behav io r  of t h e  c o n d u c t i v i t y  a t  p r e s s u r e s  >2000 l b / i n . 2  i s  a g a i n  
no ted  (Table  1 3 ) .  These data i n d i c a t e  t h a t  ca thodes  p r e s s e d  a t  

4 2  
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T a b l e  1 3  

RELATIONSHIP OF CATHODE M I X  CONDUCTIVITY TO THE 
AMOUNT OF S A B  I N  THE M I X  ( 1 0 5 0 8 1 )  ( 1 5 . 5 %  S A B  I N  M I X )  

Appl i ed 
P r e s s u r e  
( 1 b/  i n 2  ) 

10 

2 0  

100 

200 

5 0 0  

1 , 0 0 0  

2,000 

5 ,000  

1 0 , 0 0 0  

P e r c e n t  o f  P u r e  

;Y S A B  C o n d u c t i v i  t 
(Under  P r e s s u r e  

30  

2 9  

23 

20 

1 7  

13 

13 

1 4  

1 4  

P e r c e n t  o f  P u r e  
S A B  C o n d u c t i v i t y  

( P r e s s u r e  R e l e a s e d )  

30 

28 

28 

30 

29 

4 2  
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e .  General Densi ty  Data  

. The d e n s i t i e s  o f  SAB and o u r  s t a n d a r d  ca thode  mix are shown 
i n  F i g u r e s  20 and 21. The e l i m i n a t i o n  o f  carbon f ibe r s  does n o t  
a p p r e c i a b l y  a l t e r  o u r  ca thode  mix d e n s i t y .  

f .  E f f e c t  o f  Blending Technique o n  Mix Conduct iv i ty  

The bu lk  c o n d u c t i v i t y  of a b a t t e r y  mix i s  a n  impor t an t  para-  
meter, and a good i n d i c a t o r  of  b l e n d i n g  e f f e c t i v e n e s s .  Cathode 
mix c o n d u c t i v i t y  i s  r e q u i r e d  f o r  c u r r e n t  t r a n s f e r  from t h e  r eac -  
t i o n  s i t e  to th’e c u r r e n t  c o l l e c t o r  p l a t e .  High bu lk  c o n d u c t i v i t y  
and uniform b l e n d i n g  are b o t h  impor t an t  f o r  e f f e c t i v e  conduct ion  
of c u r r e n t  from t h e  r e a c t i o n  s i t e .  

B a t t e r y  carbon b l a c k s  can be  overmixed and t h e  c h a i n l i k e  
carbon s t r u c t u r e  broken,  When t h i s  happens,  the  carbon conduc- 
t i v i t y  drops  s h a r p l y .  T h i s  c o n d i t i o n  i s  e s p e c i a l l y  p r e v a l e n t  
when shear mixers ,  such as b a l l  m i l l s ,  are used.  

A s  d e s c r i b e d  above, t he  d i f f e r e n t  mixes were sc reened  by 
measurement of  t h e  c o n d u c t i v i t i e s  a t  d i f f e r e n t  p r e s s u r e s .  The 
large number of  exper iments  performed on t h i s  s tudy  are f u l l y  
d e s c r i b e d  i n  Appendix T a b l e s  A-1 ,  A-2 and A-3. 

The carbon (Shawinigan a c e t y l e n e  b l a c k  and carbon f i b e r s )  
was premixed i n  a Waring b l e n d e r  f o r  one minute to b r e a k  t h e  
carbon f i b e r  (CF) agglomera tes  and to mix t h e  CF w i t h  t h e  Shaw- 
i n i g a n  a c e t y l e n e  b l a c k  ( S A B ) .  The carbon f i b e r  con ten t  was h e l d  
a t  1.1% of the e n t i r e  mix i n  a lmost  a l l  c a s e s .  Three  carbon 
p e r c e n t a g e s ,  1 0 ,  1 7  and 2 4 ,  were s t u d i e d .  The d i f f e r e n t  r a t i o s  
were mixed f o r  v a r i o u s  t i m e  p e r i o d s ,  i n  three d i f f e r e n t  b l e n d e r s  
(Waring, Pa t t e r son-Ke l ly  Twin S h e l l ,  and b a l l  m i l l ) .  

The c o n d u c t i v i t i e s  and d e n s i t i e s  of  d i f f e r e n t  mixes were 
o b t a i n e d ,  These data are g iven  i n  T a b l e  A-2. 

The most s t r i k i n g  data o b t a i n e d  from t h e  b l end ing  s t u d y  are 
t h e  h i g h  d e n s i t i e s  and low c o n d u c t i v i t i e s  o f  samples b a l l  m i l l e d  
f o r  1 hour  o r  l o n g e r .  These p r o p e r t i e s  are undoubtedly due to 
a t t r i t i o n  of t h e  carbon s t r u c t u r e .  D e n s i t i e s  and c o n d u c t i v i t i e s  
o f  1 7 %  carbon samples a f t e r  compaction a t  200 p s i  are g iven  i n  
T a b l e  1 4 .  

For  each  b l e n d i n g  method, t h e  c o n d u c t i v i t y  i s  h i g h e s t  and 
d e n s i t y  lowes t  f o r  t h e  sample b lended  f o r  t h e  s h o r t e s t  t i m e .  With 
t h e  Waring o r  Pa t t e r son-Ke l ly  (P-K) b l e n d e r ,  t h e  c o n d u c t i v i t y  and 
d e n s i t y  v a l u e s  remain r e l a t i v e l y  c o n s t a n t  a f te r  a s h o r t  mixing 
t i m e  
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T a b l e  14 

EFFECT OF BLENDING O N  M I X  CONDUCTIVITY AND D E N S I T Y  
(17% CARBON,  200 P S I  RELEASED) 

Sample B l e n d i n g  C o n d u c t i v i t y  Densi t y  
Type Time (ohm'l c m - l )  ( g / c m 3 )  

WB 
WB 
WB 

WB 
WB 

PK 
PK 
PK 
PK 

BM 
BM 
B H 
BM 

0 . 5  rnin 
1,O m i n  
2.0 m i n  
5.0 rnin 

10 .0  m i n  

1 0  m i n  
1 h o u r  
8 h o u r s  

24 h o u r s  

1 0  m i n  
1 h o u r  
8 h o u r s  

24 h o u r s  

0.240 
0.129 
0.157 
0.141 
0 099 

0.331 
0 .168 
0 .153 
0.135 

0.076 
0 066 
0.0021 

<0.0005 

0.82 
0.92 
0.93 
0 .99  
0,99 

0.79 
0.82 
0.84 
0,81 

0.86 
0.97 
0.92 

%1001 
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Data r e p r o d u c i b i  
up t o  p r e s s u r e s  o f  20 
83; 105061a, 8 3 ) .  Th 
poor  r e p r o d u c i b i l i t y  
82857, 828651, even w 

l i t y  among Waring blended samples was good 
00 p s i  (Table  A-1 ;  105074, 8 2 ;  1050616, 63,  
e b a l l  m i l l e d  samples showed compara t ive ly  
(Table  A-2; 105091, 82865, 105097 a ,  b ,  

I t h i n  one b a t c h  of mix. R e p r o d u c i b i l i t y  
between b a t c h e s  i s  approximate ly  t h e  same. Gross inhomogenei t ies  
were found i n  t h e  b a l l  m i l l e d  samples .  The one hour  P-K b l e n d  
samples showed good r e p r o d u c i b i l i t y  w i t h i n  a g iven  b a t c h  (Samples 
109201 a ,  b ,  109203) .  

Data were a l s o  c o l l e c t e d  on DCA-70 decomposi t ion as a 
f u n c t i o n  of  b l e n d i n g  and p r e s s i n g .  The r e s u l t s  are shown i n  
Tab le  1 5  and i n d i c a t e  s i g n i f i c a n t  decomposi t ion only  f o r  samples 
b a l l  m i l l e d  f o r  more t h a n  one hour .  

T a b l e  15  

EFFECT OF BLENDING A N D  P R E S S I N G  ON DCA-70 STABIL ITY 

B l e n d i n g  
M e t h o d  - T ime 

WB 1 . 0  m i n .  
WB 2 .0  m i n .  
WB 1 0 . 0  m i n .  
P K  1 h o u r  
P K  24 h o u r s  
BM 1 h o u r  

% D e c o m p o s i t i o n  
A f t e r  B1 e n d i n g  A f t e r  P r e s s i n g  ( 2 0 0 0  p s i )  

1 
1 
5 
NM 
NM 

N M  

BM 24 h o u r s  7 NM 

NM = n o t  measured  

R e p r e s e n t a t i v e  data are shown i n  T a b l e  16  f o r  t h e  1 hour  PK 
b l end ,  compressed to 200 p s i  and the  p r e s s u r e  released, f o r  
v a r i o u s  carbon c o n t e n t s .  Complete conduc t iv i ty -dens i ty  d a t a  are 
g iven  i n  Appendix Table  A-2. 

T a b l e  1 6  

D E N S I T Y  AND CONDUCTIVITY DATA A S  A FUNCTION OF CATHODE 
CARBON CONTENT ( 1  HR P - K ,  COMPRESSED TO 200 P S I  AND RELEASED) 

C o n d u c t i v i  t 
Sample % Carbon  D e n s i t y  (ohmm1 c m - l f  
82862  10 0,942 0'. 087 
109201 a 1 7  0 .824 0 .168 
82863 24 0 .698  0 .369 



The a b s o l u t e  d e n s i t i e s  of  B and DCA-70 are 
g/cm3, r e s p e c t i v e l y ,  Hence, i t  s e v i d e n t  t ha t  t h  
r ises r a p i d l y  w i t h  i n c r e  i n g  carbon c o n t e n t .  A 
c o n d u c t i v i t y  (ohm-' cm-p of t h e  mix a l s o  r i  
carbon c o n t e n t  

(1)  E f f e c t  o f  Blending 

The g e n e r a l  conc lus ion  drawn from o u r  data i s  t h a t  t h e  
least  b l end ing  produces t h e  best ca thodes  ( T a b l e  1 7 ) .  A t  1 hour  
of  b a l l  m i l l i n g ,  t h e  performance i s  bad due to overmixing and 
a t t r i t i o n  of carbon b l a c k  s t r u c t u r e .  I n  g e n e r a l ,  there i s  a 
good c o r r e l a t i o n  of energy ou tpu t  w i t h  c o n d u c t i v i t y .  However, 
v i s u a l  o b s e r v a t i o n  of  t he  mixes i n d i c a t e s  t h a t  a f t e r  only 1 0  
mine i n  t he  P.K Twin S h e l l  b l e n d e r ,  t h e  DCA-70 i s  not  w e l l  b lended 
w i t h  t h e  carbon. White p a r t i c l e s ,  or agglomera tes ,  of DCA-70 
are r ead f ly  v i s i b l e  throughout  t he  mix .  Complete data are g iven  
i n  Appendix T a b l e s  A-4 and A-5 .  

( 2 )  E f f e c t  o f  Carbon Pre-Mixing 

When t h e  50% compressed Shawinigan a c e t y l e n e  b l ack  
(SAB) was used  wi thout  p r e - f l u f f i n g  i n  t h e  Waring Blender ,  a 
very poor mix was o b t a i n e d  even a f t e r  20 minutes i n  t h e  P-K 
b l ende r .  Hence, a 1 minute pre-mixing of SAB and carbon f i b e r s  
(CF) was used f o r  t he  b l end ing  s t u d i e s .  T h i s  r e l a t i v e l y  d r a s t i c  
t r ea tmen t  was needed to d i s p e r s e  t h e  CF i n  t h e  SAB. E l i m i n a t i o n  
of t h e  CF was necessa ry  i n  o r d e r  to reduce or change t h i s  pre-  
mixing. The data,  shown i n  T a b l e  1 8 ,  i n d i c a t e s  t h a t  t h e  CF i s  
no t  c r i t i c a l  to t h e  t e s t  ca thodes .  

Three p r e - f l u f f i n g  o r  de-agglomeration methods were 
t e s t e d .  The t es t s  were c e l l  d i s c h a r g e s  of 1 0  min. P-K blended 
material. The methods were (1) t h e  s t a n d a r d  1 min. WB p re -  
f l u f f i n g ,  ( 2 )  s c r e e n i n g  of 50% compressed SAB through a 50 mesh 
s i e v e ,  and ( 3 )  uncompressed SAB, used as r e c e i v e d ,  Summary data 
are shown i n  T a b l e  1 9 .  

The most unusua l  mix was o b t a i n e d  w i t h  the  sc reened  
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C e l l  N o .  

109316 
109314 
10931 3 
109312 
109309 
10931 1 
109331 
10931 0 

T a b l e  17  
EFFECT OF BLENDING ON D I S C H A R G E  

( 1 7 %  Carbon,  1 0  mA/cm2, 0 . 0 5 " ,  2 0  cm2) 

B1 e n d i  ng  Averaqe  
Method-T ime V o l t ( v )  

WB - 0 .5min  3.15 
WB - 0 . 5 m i n  2.77 
WB - 2.Omin 2.76 
P K  - 1 0  m i n  2 .99  
P K  - 1 h r  3 .06  
P K  - 8 h r  3.02 
BM - 1 0  rnin 3.07 
BM - 1 h r  3 .01  

E f f i c i e n c y  
( % I  

58.1 
52.1 
49 .6  
54 .8  
51.2 
47.7 
5 5 . 0  
3 8 . 5  

Energy  D e n s i t y  
( w - h r / l  b )  

169 
133 
126 
151 
145 
136 
160  
107 

T a b l e  1 8  
EFFECT OF CF ELIMINATION O N  D I S C H A R G E  

( 1 7 %  Carbon,  1 m i n  WB p r e - m i x ,  10  mA/cm2, 0 . 0 5 " ,  20  cm2) 

B1 e n d i  ng  Average  E f f i c i e n c y  Energy  D e n s i t y  
C e l l  No. CF Method-T ime V o l t ( V )  0) ( W -  h r / l  b )  

109316 y e s  WB - 0 . 5 m i n  3 . 1 5  58 .1  1 6 9  

109315 no WB - 0 .5min  3 . 1 5  5 7 . 0  1 6 6  

T a b l e  19  

( 1 7 %  Carbon,  1 0  m i n  P-K, 10 rnA/cm2, 0 . 0 5 " ,  20 cm2> 
EFFECT OF C A R B O N  PRE-NIX O N  D I S C H A R G E  

Ave rage  E f f i c i e n c y  Energy  D e n s i t y  
C e l l  No. P re -M i  x V o l t ( V )  ( % >  ( w - h r / l b )  

109317 l m i n  WB 3 .18  57.9 170 
109318 Uncompressed 3 .14  54.5 158  
109320 S c r e e n e d  i 3 .19  59.9 166 

Used 1 . 7  in1  e l e c t r o l y t e  i n s t e a c :  of ! . 5  m'l 
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Severa l  a d d i t i o n a l  experiments  were c a r r i e d  o u t  on 
carbon de-agglomerizat ion by  mesh sc reen ing  ( T a b l e  2 0 ) .  Larger  
q u a n t i t i e s  o f  e l e c t r o l y t e  were r e q u i r e d  t o  g i v e  adequate  per-  
formance w i t h  de-agglomerated SAB. There  was no evidence t h a t  
s c r e e n i n g  t h e  carbon b l ack  improved performance. 

Table 20 

(10 m i n  P - K ,  10  mA/cm2) 
E F F E C T  O F  C A R B O N  PRE-MIX ON C E L L  DISCHARGE 

Pre-Mix 
Screening E l e c t r o l y t e  Average Ef f i c i ency  Energy Density 

Cell  (mesh) Volume( m l  ) Voltage(V) ( % I  ( w -  h r / l  b )  
109320 50 1 . 7  3.19 5 9 . 9  166 
109330 50 1 . 8  3.17 5 6 . 3  151 
109250 20 1 . 7  3.12 5 5 . 0  149 

- 

( 3 )  E f f e c t  of Blending Time 

While less b l end ing  was found t o  improve cathode d i s -  
charges ,  there  was no mixing technique  proven b e t t e r  t h a n  t h e  
Waring method. For  t h i s  r eason ,  t e s t s  were run  us ing  t h i s  
b l e n d e r  f o r  p e r i o d s  s h o r t e r  t han  o u r  convent iona l  times of 30 
seconds.  R e s u l t s  are g iven  i n  T a b l e  2 1 .  The data i n d i c a t e s  a 
s l i g h t  advantage f o r  b l end ing  only 1 0  seconds.  

4 .  E f f e c t  of Binders on Cathode S t r u c t u r e  

a .  Prepara t ion  of Samples 

Three b i n d e r s  were chosen f o r  e v a l u a t i o n .  These  were 
Te f lon  (TFE), polyviny1chlori .de ( P V C )  and Kynar ( v i n y l i d i n e  
f l u o r i d e ) .  Each was a dry f ree- f lowing  powder. None would 
r e a c t  w i t h  DCA-70 ,  n o r  d i s s o l v e  i n  t h e  LiClO,+-MP e l e c t r o l y t e .  
Each b i n d e r  was added i n  1, 3, 5 ,  or 1 0 %  concen t r a t ion ,  and 
d ry  mixed w i t h  t h e  cathode materials by  Waring b lending  for 
30 seconds.  

Samples were p res sed  i n  t h e  s t anda rd  appara tus  for deter -  
mining conduc t iv i ty  and d e n s i t y .  Tapes  of 1" x 3" dimensions 
were p repa red  f o r  t e s t i n g  s t r u c t u r a l  i n t e g r i t y .  

An a t tempt  was made t o  p repa re  a Te f lon  d i s p e r s i o n  us ing  
va r ious  non-react ive s o l v e n t s .  A r a the r  u n s t a b l e  0 .1% TFE d i s -  
p e r s i o n  was prepared  i n  chloroform us ing  a Waring b l ende r .  
Before t h e  TFE s e t t l e d  o u t ,  t h e  carbon and DCA-70  were added 
and mixed i n  t h e  Waring b l ende r .  The  cathode was pressed i n t o  
t h e  1" x 3" d i e  b e f o r e  d ry ing  and t e s t ed  f o r  i n t e g r i t y  a f t e r  
dry ing .  
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T a b l e  21 

EFFECT OF TIME OF WARING B L E N D I N G  OM CELL D I S C H A R G E  
[ l o  mA/cm2, 1 . 5  m l ,  2.OM L i C I O k ( M F ) ]  

- C e l l  V o I t a g e ( V )  ( % I  ( w - h r / l b )  
Average E f f i c i e n c y  E n e r g y  D e n s i t y  

10931 3 120 2.76 49.6 126 

109332 30 3.17 55.4 7 62 

109333 30 3.22 52.6 156 

109334 30 3.20 52.9 156 

109335 30 3.08 58.5 164 

109246 10 3.18 58.6 172 

109340** 5 3.05 56.1 149 

109338*** 5 3.18 56.7 166 

** R e q u i r e d  1 , 7  m l  e l e c t r o l y t e  
*** Carbon p r e - b l e n d e d  f o r  10 seconds.  Normal  i s  60 seconds i n  

W a r i n g  b l e n d e r  b e f o r e  30 second mix  b l e n d i n g .  

b .  C o n d u c t i v i t y - D e n s i t y  D a t a  

Conduc t iv i t i e s  f o r  mixes  of d r y  b i n d e r  powders and 
cathode materials are presented  i n  T a b l e  A-3 and summarized i n  
Tab le  22. 

The e f f e c t  of 1-3% b inde r  i s  small i n  a l l  cases .  A t  
10% binder ,  the  conduc t iv i ty  .of t h e  mixes con ta in ing  Tef lon  and 
PVC i s  lowered cons iderably .  

c .  S t r e n g t h  o f  Tapes 

Tapes were prepared by blending  d r y  i n g r e d i e n t s  f o r  30 
seconds i n  t he  Waring b lender .  These t a p e s  of 0, 5 and 10% 
TFE, were p r  ssed at 300 p s i  f o r  2 minutes.  Thus,  t h e  0% TFE 
tape i s  a st dard t a p e  for  digcharge.  Each tape (1" x 3") 
was placed  on a 1/2" rod ,  and each broke before bending more 
than %30°. The 10% TFE t a p e  was somewhat s t r o n g e r .  
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T a b l e  22 

C O N D U C T I V I T I E S  OF M I X E S  C O N T A I N I N G  B I N D E R S  
( 0 . 5  min-WB, 17% Carbon,  P r e s s u r e  200 p s i )  

D e n s i t y  ( g / c m 3 )  
Cell  No. B i n d e r  N *  

105076 None 0 . 8 2  
109208 1% TFE 0.83 
109209 3% TFE 0 .80  
109218 5% TFE 0 .86  
109219 10% TFE 0.87 

10921 0 1% K y n a r  0.81 
10921 0 3% K y n a r  0 .81  
109229 10% K y n a r  0 .82  

109220 1% P V C  0.84 
109220  3% P V C  0 .82  
109320 10% P V C  0.88 

* N = A f t e r  r e l e a s e  o f  200 p s i  

C o n d u c t i v i t y  ( 0 h r q - t  c m - l )  
N U  

0.42  0 .24  
0 .36  0 .25  
0 .39  0 .28  
0 . 2 8  0 .08  
0 . 2 1  0 . 0 4  

0 .41  0.33 
0 . 3 8  0 .25  
0.32 0.18 

0 .28  0.17 
0 .36  0.20 
0 .14  0 .06  

** P = 200 p s i  a p p l i e d  
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The tapes  p r e p a r e d  f o r  a n  e a r l i e r  c o n t r a c t  ( r e f .  l), were 
pressed ou t  from a s l u r r y .  T h e r e f o r e ,  a tape was p repa red  w i t h  
1 0 %  TFE u s i n g  ch loroform as the  s l u r r y  agen t .  This  tape a l s o  had 
poor  mechanical  p r o p e r t i e s .  

f ibers  might i n c r e a s e  tape  s t r e n g t h  wi thou t  t h e  use  o f  b i n d e r s .  
A b i n d e r  which i s  s o l u b l e  i n  a s o l v e n t  t h a t  does n o t  r e a c t  w i t h  
DCA-70, and which i s  i n s o l u b l e  i n  methyl formate  would a l s o  be  
advantageous e 

The use  of a roughened ( p i l l e d )  s e p a r a t o r  and l o n g e r  carbon 

5 .  Cathode Photomicrography 

a .  I n t r o d u c t i o n  

A d i r e c t  method f o r  s t u d y i n g  t h e  e f f e c t  of b l end ing  t echn ique  
on cathode p h y s i c a l  p r o p e r t i e s  i s  microscopic  examinat ion ,  The 
d i s p e r s i o n  o f  carbon has been s t u d i e d  i n  t h e  rubbe r  i n d u s t r y  by 
photomicroscopy ( r e f s .  2 2 ,  2 3 ) .  S i m i l a r  methods were a p p l i e d  i n  
t h i s  program. Thin  cathode l a y e r s  are r e q u i r e d  for t h i s  purpose .  
While a microtome might b e  used to s e c t i o n  t h i n  l a y e r s ,  t h e  ca thodes  
were very  b r i t t l e  and needed a b i n d e r  phase t o  h o l d  i t  t o g e t h e r  
d u r i n g  sample p r e p a r a t i o n .  

b. Sample P r e p a r a t i o n  

S e v e r a l  b i n d e r  phase materials were s t u d i e d .  S e v e r a l  epoxy 
r e s i n s  were f i r s t  t r i e d .  The amine c u r i n g  a g e n t s  r e a c t e d  w i t h  
DCA-70, however, 

A s u c c e s s f u l  method w a s  developed,  u s i n g  wax vacuum i m -  
p r e g n a t i o n .  To avo id  break-up o f  t h e  f r a g i l e  ca thode ,  a vacuum 
was p u l l e d  on t h e  s y s t e m  b e f o r e  t h e  sample was immersed i n t o  
molten wax, The wax impregnat ion  d e v i c e  i s  shown i n  F i g u r e  2 2 .  
The r e s u l t i n g  sample was s e c t i o n e d  w i t h  a microtome a t  room 
tempera tu re .  The s e c t i o n s  were t h e n  suspended on a non- reac t ive ,  
immisc ib le  l i q u i d ,  such as Freon T F ,  f o r  microscope s l i d e  p re -  
p a r a t i o n ,  

The wax impregnated ca thodes  were s e c t i o n e d  on a R e i c h e r t  
s l e d g e  microtome. 

c .  . Microscopic  Examination 

O p t i c a l  photographs were t a k e n  w i t h  a P o l a r o i d  camera mounted 
on an American O p t i c a l  b i n o c u l a r  microscope. E l e c t r o n  micro- 
graphs were o b t a i n e d  w i t h  a JEOLCO e l e c t r o n  microscope. F i g u r e  
23 shows s e c t i o n s  o f  a s t a n d a r d  cathode c u t  to 2 and 5 micron 
t h i c k n e s s e s .  S i n c e  t h e  m a g n i f i c a t i o n  i n  t h e  photograph i s  120X, 
each  m i l l i m e t e r  e q u a l s  8.5 microns 
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M e t  

tuum Pump 

H o t  P l a t e  

F i g u r e  22. Schemat ic  o f  Wax I m p r e g n a t i o n  D e v i c e  
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2p Sect ion (X120) 

511 Sect ion (X120) 

Figure 2 3 .  Optical Photomicrographs o f  Microtomed Cathode. 
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The b lack  areas i n  these photomicrographs a r e  carbon,  and 
t h e  whi te  a r e a s  a r e  v o i d s .  The gray areas are presumably D C A - 7 0 .  
S ince  bo th  wax and D C A - 7 0  c r y s t a l l i n e ,  i t  i s  d i f f i c u l t  t o  o b t a i n  
in fo rma t ion  w i t h  t h e  p e t r o g r a p h i c  microscope t e  
N i c o l s ) .  From t h e  2 p  s e c t i o n ,  i t  appears  
coa ted  w i t h  carbon cha The carbon f i  
cha in  fo rma t ion ,  I n  t 5p s e c t i o n ,  t h e  
o u t  as g ray  a r e a s  and i r  d i s t r i b u t i o n  

mix samples suppor t ed  i n  bo th  epoxy and wax. The epoxy sample was 
microtomed i n  800-1000 A s e c t i o n s  and observed d i r e c t l y .  
r e p l i c a  t echn ique  was employed f o r  t h e  wax samples. I n  t h e s e  
p i c t u r e s  t he  p r i m a r y  carbon p a r t i c l e s  ( ~ 4 5 0  A )  can be s e e n ,  and 
t h e  e f f e c t  of  mixing on c h a i n  s t r u c t u r e  could p resumab ly  be 
determined as a f u n c t i o n  of mixing method. I d e n t i f i c a t i o n  of 
D C A - 7 0  i n  t h e s e  micrographs i s  not  c e r t a i n .  

F i g u r e s  24  and 25 show e l e c t r o n  micrographs t aken  of cathode 

A 

O p t i c a l  photomicrographs were o b t a i n e d  on s u r f a c e s  and 
t r a n s v e r s e  c u t s  o f  d i scha rged  ca thodes .  F igu re  26 shows t h e  
e f f e c t  of d i s c h a r g e  on t h e  s e p a r a t o r  and c o l l e c t o r  s u r f a c e s  
( m a g n i f i c a t i o n  7 X ) ,  The more complete the  d i s c h a r g e ,  t h e  more 
l a r g e  wh i t e  c r y s t a l s  a r e  e v i d e n t ,  T h i s  i s  e s p e c i a l l y  t r u e  of t h e  
c o l l e c t o r  s u r f a c e ,  B inocu la r  o b s e r v a t i o n ,  however, i n d i c a t e s  
that  t h e s e  c r y s t a l s  cover  t h e  s i d e s  of c a v i t i e s  i n  t h e  cathode 
and a r e  n o t  n e c e s s a r i l y  on t h e  c o l l e c t o r  s u r f a c e .  The ca thodes  
i n  F igu re  26a and 26b were d i sconnec ted  a t  1 . 0  v o l t  and s e p a r a t e d  
from t h e  anode a t  t h a t  t i m e .  F igu re  26c shows t h e  s u r f a c e  a f t e r  
d i s c h a r g e  t o  3 . 0  v o l t s  ( e a .  2/3 d i s c h a r g e d ) .  F igu re  26d i s  t h e  
s u r f a c e  of t h e  cathode wi thout  d i s c h a r g e  and both  s u r f a c e s  a r e  
i d e n t i c a l .  

These same samples were s e c t i o n e d  p e r p e n d i c u l a r  t o  t h e  
s u r f a c e  u s i n g  a s l e d g e  microtome. The wax impregnated l o p  s e c t i o n s  
were photographed a t  130X. Some of t h e  s e c t i o n s  a r e  shown i n  
F igu re  27. No l a r g e  c r y s t a l  s e g r e g a t i o n  was noted  a t  e i t h e r  
edge of t h e  d i scha rged  s e c t i o n ,  A l s o ,  no obvious d i f f e r e n c e  
can be seen  between t h e  d i scha rged  and undischarged  cathode.  
It was noted  t h a t  most cathode s t r u c t u r e  was para l le l  t o  t h e  
s u r f a c e .  Thus, carbon f ibe r s ,  f i s s u r e s ,  and l a r g e  D C A - 7 0  
agglomerates  were o r i e n t e d  w i t h  t h e i r  major a x i s  p a r a l l e l  t o  
t h e  s u r f a c e .  

nd ischarged  cathode i s  
rs t o  be w e l l  d i s p e r s e d  
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X15,OOO 

X15,OOO 

X30,OOO 
F i g u r e  2 4 .  E l e c t r o n  M i c r o g r a p h s  o f  Wax- Impregnated Cathode M i x  

( R e p l i c a  T e c h n i q u e )  
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F i g u r e  2 5 .  E l e c t r o n  M i c r o g r a p h s  o f  E p o x y - I m p r e g n a t e d  Cathode M i x  
( 0 . 1 ~  S e c t i o n s ,  X15,OOO) 
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Coll ector Side 
Discharged Cathode 109251-t 

Collector Side Separator S i  de 

26b 
Discharged Cathode 109253-to 1.0 volts 

Collector Side Separator Si de 

26c 
Partially Discharged Cathode-to 3,O volts 

de Sur - 
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T o t a l l y  Discharged Cathode 
IO9253 

P a r t i a l l y  Discharged Cathode 
t o  3 . 0  v o l t s  



Figure 28. T o t a l  Cross-Section o f  an Undischarged Cathode (130 X )  
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C. VOLTAMMETRIC S T U D I E S  OF DCA-70 a n d  TCA-85 

1 C o u l o m e t r i c  S t u d i e s  

a.  DCA-70 

A r o t a t i n g  e l e c t r o d  s t u d y  of DCA-70 s o l u t i o n s  cou ld  p rov ide  
b a s i c  i n f o r m a t i o n  f o r  t h e  e v a l u a t i o n  of t h e  l i m i t i n g  f a c t o r s  i n  
o u r  DCA-70 ca thodes .  Impor tan t  to t h i s  s t u d y ,  however, i s  a 
p r i o r  knowledge o f  t h e  r e d u c t i o n  p r o d u c t s  of DCA-70. Coulometric 
s t u d i e s  were c a r r i e d  o u t  on DCA-70/LiClO&-MF s o l u t i o n s  w i t h  a Pt 
e l e c t r o d e  i n  o r d e r  to o b t a i n  t h i s  necessa ry  data. 

An unexpected problem developed when it  was d i scove red  t h a t  
a wh i t e  p r e c i p i t a t e  formed on t h e  P t  e l e c t r o d e  du r ing  d i s c h a r g e .  
T h i s  o c c u r r e d  ove r  a 50 f o l d  DCA-70 c o n c e n t r a t i o n  range  ( T a b l e  2 3 ) .  
Even w i t h  e f f i c i e n t  s t i r r i n g ,  t h e  p r e c i p i t a t e  from t h e  1% s o l u t i o n  
b locked  t h e  e l e c t r o d e  a f t e r  20 coulombs (9% e f f i c i e n c y )  had been 
passed. When t h e  p r e c i p i t a t e  ( ~ 1 . 5  mg/cm2) was s c r a p e d  off t h e  
e l e c t r o d e ,  i t  was found to c o n t a i n  between 1 0 %  and 35% c h l o r i d e  
i o n ,  bu t  no a c t i v e  c h l o r i n e .  An i n f r a r e d  spectrum of t h e  s o l i d  
( K B r  p e l l e t )  showed t h e  p re sence  of an  o r g a n i c  compound, w i t h  a 
spec t rum s imi la r  to, b u t  no t  i d e n t i c a l  w i t h ,  cyanur i c  a c i d  ( F i g .  1 4 ) .  

Coulometr ic  exper iments  a t  low c o n c e n t r a t i o n s  of DCA-70 
were conducted to v e r i f y  tha t  t h e  e l e c t r o d e  r e a c t i o n  was s imple ,  
and t h a t  i t  was a f o u r  e l e c t r o n  t r a n s f e r  r e a c t i o n  ( T a b l e  23 ) .  I n  
these  exper iments ,  however, unusua l  vo l tage- t ime curves  were 
o b t a i n e d ,  T h i s  beh.avior i s  presumably due to p r e c i p i t a t i o n  on 
t h e  e l e c t r o d e ,  which does no t  occur  i n  t h e  h igh  rate chronopoten- 
t i o m e t r i c  exper iments  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n ,  A 
v o l t a g e  i n c r e a s e  i s  observed  ( F i g u r e  2 9 )  which might b e  e x p l a i n e d  
as fo l lows :  

Product  c r y s t a l s  form, and f u r t h e r  r e a c t i o n  i s  aided 
by f u r t h e r  product  c r y s t a l l i z i n g  r e a d i l y  i n t o  t h e  
a l r e a d y  formed l a t t i c e .  Voltage i n c r e a s e s  f rom t h i s  
e f f e c t  have been observed i n  t h e  Ag/AgCl s y s t e m  ( r e f .  7 ) .  

A f t e r  t he  v o l t a g e  maximum, some v o l t a g e  o s c i l l a t i o n s  
occur ,  presumably due to bu i ldup  and t h e n  breakage 

t i g h t  f i l m  on t h e  e l e c t r o d e .  
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T a b l e  23 

COULOMETRIC EXPERIMENTS W I T H  D C A - 7 0  
(2M L iC104-MF,  12 m l  S o l u t i o n  Vo lume,  P t  E l e c t r o d e )  

Redu c t  i on 
C o n c e n t r a t i o n  DCA-70 C u r r e n t  D e n s i t y  E f f  i c i  ency  

C e l l  No. ( m o l e s / a )  ( mA/cm2 ) 

105026b 

105027 

105035 

1 0 5 0 2 6 ~  

105030b 

105030a 

105032 

105033 

105034 

0 .050 

0 .050  

0 .050 

0 . 0 5 0  + P r o d u c t s *  

0 .050 

0 .025 

0 .005 

0 .005**  

0 .001**  

5 . 0  

5 .0  

5 . 0  

5 . 0  

2 . 5  

2 .5 

0 .5  

0 . 5  

0 . 1  

9 , 1  

9 .3  

7 , 5  

2,0 

1 2 . 0  

23 .0  

26 .5  

31.7 

3 4 . 0  

P r o d u c t s  i n  s o l u t i o n  f r o m  T e s t  105026 - c l e a n  e l e c t r o d e  used  

P u r e  MF f r o m  4A m o l e c u l a r  s i e v e  p r o c e d u r e .  

* 
** 
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p o l a r i z a t i o n  r e l a x a t i o n  was ob ta ined .  Thus, i f  t h e  build-up 
of p roduc t s  on t h e  e l e c t r o d e  leads to I R  p o l a r i z a t i o n ,  t h i s  should  
b e  very  e v i d e n t  i n  t h e  o s c i l l o g r a m s  ( t h e  r e s i s t a n c e  p o l a r i z a t i o n  
r e l a x e s  i m m e d i a t e l y ) .  However, w i t h  t h e  carbon e l e c t r o d e ,  t h e  
open c i r c u i t  (as  measured through 1 megohm) was only +0 .8  v o l t s  
v s .  Ag/AgCl. Also,  a t  0 .10  mA/cm2, t h e  e l e c t r o d e  p o l a r i z e d  
immediately to -0 .01  v o l t s .  The p o l a r i z a t i o n  i n c r e a s e d  to -0.60 
v o l t s  a t  280 minutes ,  and t h e n  s lowly recovered .  Hence, t h e  
accumulat ion of p roduc t s  was d i f f e r e n t  a t  t h i s  e l e c t r o d e  from 
t h e  p rev ious  p l a t inum t e s t .  

The carbon-epoxy e l e c t r o d e  was a l s o  tes ted  u s i n g  0.05M 
DCA-70  a t  5.0 mA/cm2. Under these c o n d i t i o n s ,  t h e  e l e c t r o d e  
a g a i n  p o l a r i z e d  immediately to %O.O volts v s .  Ag/AgCl, and t h e n  
a t  75 min. t h e  p o t e n t i a l  f e l l  q u i c k l y  to <-2.0 v o l t s ,  i n d i c a t i n g  
p r e c i p i t a t e  coverage of  t h e  e l e c t r o d e .  The e l ec t rop roduced  material 
i s  probably b a s i c a l l y  t h e  same a t  t he  carbon and p l a t inum e l e c -  
t r o d e s ,  

A Dry Tape ca thode ,  however, i s  not  r e q u i r e d  to r u n  under  
such s t r i n g e n t  c o n d i t i o n s .  Our cathode c o n t a i n s  0 . 3  gram of 
carbon ( s u r f a c e  area of 5x105 cm2/g) which i n d i c a t e s  a t r u e  
c u r r e n t  d e n s i t y  of t h e  o r d e r  of 1pA/cm2. Furthermore,  t h e  
s o l u t i o n  i s  s a t u r a t e d  w i t h  DCA-70. For  t h i s  r eason ,  a long  t e r m  
t e s t  was made a t  10pA/cm2, u s i n g  a s a t u r a t e d  (0.75M) DCA-70 
s o l u t i o n  i n  2M L i C 1 0 4  ( m e t h y l  f o r m a t e ) .  N o  s t i r r i n g  was used 
i n  t h i s  t es t .  The  t e s t  was run  for 1 0 0  hour s ,  which would con- 
sume 0.06 amp-mine of t h e  54 .1  amp-min. of DCA-70 i n  s o l u t i o n s .  



S i n c e  a d d i t i o n a l  carbon i n  t h e  cathode p l a t e  had been found 
to i n c r e a s e  t h e  ca thode  e f f i c i e n c y  (see S e c t i o n  I I . D ) ,  i t  was 
thought  t h a t  t h e  cathode l i m i t a t i o n  might b e  a p r e c i p i t a t e  which 
covered t h e  a c t i v e  carbon s u r f a c e .  I f  t h i s  was t r u e ,  t h e n  t h e  
e f f i c i e n c y  cou ld  be improved by i n c r e a s i n g  t h e  s o l u b i l i t y  of 
t h e  p roduc t ,  or by making the  p r e c i p i t a t e  more porous .  There- 
f o r e ,  t h e  f o l l o w i n g  exper iments  were c a r r i e d  o u t .  

A dense carbon r o d  was waxed on i t s  sides and i n s e r t e d  i n  
t h e  t e s t  s o l u t i o n .  The e l e c t r o d e  f a c e  was sanded w i t h  f i n e  
emery p a p e r  a f t e r  each  t e s t .  The r e d u c t i o n  was performed a t  
c o n s t a n t  c u r r e n t .  The  s o l u t i o n  was no t  s t i r r e d  and t h e  p o t e n t i a l  
was reco rded  v e r s u s  a s i l v e r  r e f e r e n c e  e l e c t r o d e .  Sharp p a s s i v a -  
t i o n  p o t e n t i a l  s teps  were observed  i n  a l l  c a s e s  a t  t i m e  (T). The 
data are shown i n  T a b l e  24 .  

The amount of r e d u c t i o n  b e f o r e  p a s s i v a t i o n  ( i ~ >  d e c r e a s e s  
w i t h  i n c r e a s i n g  c u r r e n t  d e n s i t y .  The v a l u e  of  i-r1I2 i s  approxi -  
mately c o n s t a n t .  T h i s  i s  expec ted  i f  the  l a y e r  of p r e c i p i t a t e  
i s  r e l a t i v e l y  porous.  The p o t e n t i a l  break i s  due to t h e  con- 
c e n t r a t i o n  of  a r e a c t a n t  r e a c h i n g  zero  at t h e  e l e c t r o d e  s u r f a c e .  
By i n c r e a s i n g  t h e  c o n c e n t r a t i o n  of DCA-70 i n  the  s o l u t i o n ,  t h e  
t i m e  to r e a c h  p a s s i v a t i o n  i n c r e a s e s  moderately.  T h i s  i n c r e a s e  
i s  less  t h a n  t h a t  o b t a i n e d  i n  chronopotent iomet ry  (i-r1I2 = k c ) ,  
and fo l lows  a i a 1 / 2  = k c 1 I 2  r e l a t i o n s h i p  more c l o s e l y .  The 
ch ronopo ten t iome t r i c  form can be  r ea l i zed  assuming t h e  porous 
l a y e r  i n c r e a s e s  i n  t h i c k n e s s  as f o l l o w s :  

AC i = nFAD (y) 

nFAD (-%) k i a  

i 2 - r  nFAD 
C k 

- -  - -  

I n  p r a c t i c e ,  t h e  area o f  t h e  e l e c t r o d e  a l s o  changes,  and the  
q u a n t i t y  of  p r e c i p i t a t e  i n  t h e  l a y e r  and i t s  p h y s i c a l  form i s  
no t  uniform or a s imple  f u n c t i o n  of iit. 
e q u a t i o n  form i s  o f t e n  expres sed  bes t  as i - r  = k ,  where 1 .0<n>0 .5 .  
I n  t he  above data, ne0.5 i s  observed.  

HeRce, t h e  p a s s i v a t i o n  

The p a s s i v a t i o n  t i m e  i s  no t  g r e a t l y  a f f e c t e d  by s a t u r a t i n g  
t h e  s o l u t i o n  w i t h  L i C l .  Hence, t he re  i s  n o - d i r e c t  ev idence  t ha t  
L i C l  p r e c i p i t a t i o n  i s  t h e  p r i n c i p a l  p a s s i v a t i o n  mechanism. The  
s o l u b i l i t y  of L i C l  i n  2MLiC104(MF) i s  6.7 g / l ,  and 1.1 g / l  i n  
p u r e  s o l v e n t  (MF).  
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T a b l e  24 
P A S S I V A T I O N  STUDY OF DCA-70 R E D U C T I O N  ON CARBON 
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The a d d i t i o n  of  p o l a r  s o l v e n t s  (water, methanol or ace to -  
n i t r i l e )  cou ld  i n c r e a s e  t h e  s o l u b i l i t y  of  s a l t  p r o d u c t s ,  such  I 

as L i C l  as t h e  l i t h i u m  sal ts  o f  cyanur i c  a c i d .  However, a d d i t i o n  
of  1% ( b y  volume) o f  these s o l v e n t s  d i d  n o t  change the  p a s s i v a t i o n  
times. 

A large e f fec t  was noted  w i t h  a change i n  t h e  c o n c e n t r a t i o n  o f  
L i C 1 0 4 .  A t  h i g h  L i C 1 0 4  c o n c e n t r a t i o n ,  p a s s i v a t i o n  i s  r a p i d .  
Thus,  h igh  L i  i o n  c o n c e n t r a t i o n  a p p a r e n t l y  i n c r e a s e s  t h e  speed  
o f  p r e c i p i t a t i o n ,  g i v i n g  a dense l a y e r  of h igh  coulombic e f f i c i e n c y .  
A t  lower  L i C 1 0 4  c o n c e n t r a t i o n ,  ( e .g . ,  lM), there  i s  e i t h e r  no 
e f f e c t ,  or t h e  lower amount of p r e c i p i t a t i o n  i s  o f f s e t  by t h e  lower 
c o n d u c t i v i t y  o f  e l e c t r o l y t e  i n  t h e  porous l a y e r .  

The p o s s i b i l i t y  o f  d e p l e t i o n  of  L i C 1 0 4  i n  t h e  p r e c i p i t a t e  
l a y e r  due to t h e  L i  i o n  b e i n g  p r e c i p i t a t e d  and C l O c  m i g r a t i n g  out 
of  t h e  l a y e r  was no t  i n  accordance w i t h  t h e  above r e s u l t s .  

I n  Li/LiC104(PC)/CuF2 c e l l s ,  e f f i c i e n c i e s  a t  h igh  c u r r e n t s  
may be l i m i t e d  by t h e  loss of  L i C 1 0 4  from t h e  r e a c t i o n  zone due 
to m i g r a t i o n  of  C 1 0 4  i o n  ( r e f .  8 ) .  I t  was f e l t  t h a t  t h e  
L~/L~C~OL,(PIF)/DCA-~O c e l l  might have s imilar  l i m i t a t i o n s .  
T h e r e f o r e ,  a series of c e l l s  were d i scha rged  from 1 0  mA/cm2 t o  
37.5 mA/cm2 w i t h  s e v e r a l  L i C 1 0 4  m o l a r i t i e s .  The data are shown i n  
T a b l e  25. 

There  i s  no c o n s i s t a n c y  i n  t h e  i r 1 l 2 / C  term, n o r  any improve- 
ment i n  c e l l  e f f i c i e n c y  w i t h  i n c r e a s i n g  L i C 1 0 4  c o n c e n t r a t i o n .  
Hence, t he re  i s  no ev idence  th , a t  o u r  c e l l  i s  l i m i t e d  due t o  m i -  
g r a t i o n  of L i C 1 0 4  away from t h e  r e a c t i o n  s i t e .  T h e r e  i s ,  how- 
e v e r ,  some c o n s i s t a n c y  i n  t h e  i r 1 i 2  term. 
if t h e  rate l i m i t i n g  s t e p  were t h e  d i f f u s i o n  of DCA-70 to t h e  
r e a c t i o n  s i t e .  The c o n c e n t r a t i o n  term, C ,  i s  t h e  s o l u b i l i t y  of 
DCA-70 i n  the  e l e c t r o l y t e ,  which i s  a lmost  c o n s t a n t  i n  these  
exper iments .  

T h i s  would b e  expec ted  

b. TCA-85  

Voltammetric s t u d i e s  were c a r r i e d  o u t  on TCA-85 t o  i d e n t i f y  
s imi l a r i t i e s  w i t h  DCA-70, and to t r y  to e x p l a i n  t h e  s u p e r i o r i t y  
o f  t h e  l a t t e r  material as a d e p o l a r i z e r  i n  non-aqueous e l e c t r o l y t e .  

A cou lomet r i c  experiment  was run  at  2.5 mA/cm2 u s i n g  
0.0215 molar ( 0 . 5  g/100 m l )  TCA-85. The r u n  l a s t ed  185 minutes  
(0.463 amp-min.) which was e q u a l  to 18.6% e f f i c i e n c y .  A t  t h i s  
p o i n t  t h e  v o l t a g e  dropped s h a r p l y  and a p r e c i p i t a t e  was found on 
t h e  e l e c t r o d e .  The analogous experiment  u s i n g  DCA-70 r a n  1 7 4  
minutes  (0.436 amp-min.) and 23% e f f i c i e n c y .  Thus, t h e  p r e c i p i t a t e  
formed from TCA-85 discharge i s  n o t  very d i f f e r e n t  i n  p h v s i c a l  
form from t h a t  of  DCA-70. 

7 1  
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was determined i n  a Cannon-Fenske v i scomete r  t ube .  The v a l u e ,  

f o r  aqueous s o l u t i o n s  ( e , g . ,  f o r  p u r e  H 2 0 ,  n = 1 .00  CIS). 
= 1 .03  c e n t i s t o k e s  p e r  second i s  a l s o  similar t o  t h e  v a l u e s  

P l o t t i n g  the  vol tage- t ime data of t h e  chronopotent iogram 
i n d i c a t e s  that  t h e  e l e c t r o d e  r e a c t i o n  i s  q u i t e  i r r e v e r s i b l e .  
However, there  are no g r o s s  i r r e g u l a r i t i e s  i n  t h e  cu rve .  A s  
shown i n  F i g u r e  30, t h e  v a l u e  f o r  ana i s  0.074 ( r e f .  9 ) .  

was developed by Testa  and Reinmuth ( r e f .  10). I f  a r e d u c t i o n  
p roduc t  can be  r e o x i d i z e d  a t  t h e  e l e c t r o d e ,  t h e n ,  upon c u r r e n t  
r e v e r s a l ,  one w i l l  o b t a i n  a ch ronopo ten t iome t r i c  wave. I f  t h e  
r e d u c t i o n  p roduc t  i s  i n s o l u b l e  and p r e c i p i t a t e s  on t h e  e l e c t r o d e ,  
t h e  l e n g t h  of t i m e  f o r  t h e  r e v e r s e  chronopotent iogram w i l l  e q u a l  
that  of t h e  forward  c u r r e n t  t i m e  (t,) If t h e  product  i s  s o l u b l e  
and d i f f u s e s  from the  e l e c t r o d e  s u r f a c e ,  t h e  r e v e r s e  chronopoten- 
t i og ram t i m e  w i l l  be  ta /3  w i t h  2/3 of t h e  material d i f f u s i n g  
away. I f  t h e  product  i s  s o l u b l e  and capable  of r e o x i d a t i o n ,  b u t  
e n t e r s  i n t o  secondary r e a c t i o n s  (by r e a c t i o n  w i t h  s o l v e n t  or by 
d i s a s s o c i a t i o n ) ,  t h e n  t h e  r e v e r s e  chronopotentfogram t i m e  w i l l  
b e  less  t h a n  t a / 3 ,  and w i l l  va ry  w i t h  t a .  

A t echn ique  of  c u r r e n t  r e v e r s a l  i n  chronopotent iomet ry  

Experiments were performed u s i n g  t h i s  t echn ique  w i t h  a 
smooth p l a t inum e l e c t r o d e  and s i l v e r  w i r e  r e f e r e n c e  e l e c t r o d e .  
The r e s u l t s  are shown i n  T a b l e  27. S o l u t i o n s  o f  0.10M and 0.25M 
DCA-70 i n  2M LiC104(MF) were used  w i t h  c u r r e n t  d e n s i t i e s  of 1 t o  
5 mA/cm2, and times of 1 0  t o  60 seconds f o r  taa  

77 



T a b l e  26 

DIFFUSION COEFFICIENT OF DCA-70 I N  
2M L i C 1 0 4 ( M F )  [CHRONOPOTENTIOMETRIC D A T A ]  

C u r r e n t  
D e n s i t y ,  i C o n c e n t r a t i o n ,  C T r a n s i t i o n  T ime,  T 
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T a b l e  27 
C H R O N O P O T E N T I O M E T R Y  D A T A  WITH CURRENT REVERSAL 

DCA-70 
C o n c e n t r a t i o n  

( M )  
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1 . 0  
1 . 0  
1 .0  
2.5 
2.5 
2 .5  
5.0 
2.5 

1 0  
20  

10  
3 0  
6 0  

20  
6 0  
3 0  
20  
10  
3 0  
60 

10 
20  

3 0  
1 0  
60  

T 

( s e c )  
Tit, 

0.30  
0 .50  
0.60 
0.40 
0 .38  

( 0 . 3 5 )  
( 0 . 5 0 )  
0.37 
0 . 3 5  
0 .50  

( 0 . 4 2 )  
( 0 . 1 3 )  
( 0 . 6 0 )  
( 0 . 5 0 )  
( 0 . 3 7 )  

0 .30  
0 . 3 8  

*See t e x t  f o r  e x p l a n a t i o n  o f  p a r e n t h e s i s  
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The o x i d a t i o n  
p o s s i b i l i t y  o 

ce  o f  a s e c  
eat as f o r  

i s  due t o  t h e  h e t e r o g e n e i t y  o f  t h e  e l e c t r o d e  s u r f a c e  and t o  the  
s lower  r e a c t i o n  a t  carbon. S i n c e  i - c 1 / 2 / C  was n o t  c o n s t a n t ,  no 
d e f i n i t i v e  c a l c u l a t i o n s  can be  made. However, a p l o t  of E vs .  l o g  
( . r1 i2-  t 1 / 2 ) / - r 1 / 2  showedno g r o s s  i r r e g u l a r i t y  such as might be 
expec ted  i f  t he  r e d u c t i o n  occur red  a t  two separate v o l t a g e s .  The 
curve i s  shown i n  F i g u r e  31. 

b. TCA-85  

Chronopotent iomet r ic  experiments  were a l s o  run  u s i n g  0.0215 
molar ( 0 . 5  g/100 m l )  TCA-85 s o l u t i o n .  
and assuming n=6, t h e  d i f f u s i o n  c o e f f i c i e n t  i s  1 . 4  x 10-6cm2/sec. 
T h i s  i s  i d e n t i c a l  t o  t h e  va lue  found f o r  DCA-70. The vo l t age -  
t i m e  data were ana lyzed  i n  a manner similar t o  t h a t  f o r  DCA-70. 
The curve was r e g u l a r ,  g i v i n g  a va lue  of 0 .12  f o r  a n  . Thus, there 
i s  no i n d i c a t i o n  t h a t  t h e  r e a c t i o n  i s  s t epwise .  
of t h e  i f ( t )  curve i n d i c a t e s  a s l i g h t l y  more r e v e r s i b l e  r e d u c t i o n  
f o r  TCA-85 t h a n  f o r  t h e  DCA-70 (ana = 0.074 f o r  D C A - 7 0 ) .  There 
i s  no i n d i c a t i o n  i n  t h i s  data t h a t  the r e a c t i o n  k i n e t i c s  o f  t h e  
TCA-85 d i s c h a r g e  l i m i t  t h e  TCA-85 c e l l .  

The t e r m  i T 1 l 2 ,  was c o n s t a n t ,  

Als8, t h e  s l o p e  

The s o l u b i l i t y  of TCA-85 was determined i n  2M L i C 1 0 4  ( m e t h y l  
formate)  by t h e  method used f o r  DCA-70. The e l e c t r o l y t e  s o l u t i o n ,  
p repa red  from p u r i f i e d  m e t h y l  formate ,  was s a t u r a t e d  w i t h  TCA-85, 
and the l i q u i d  w a s  ana lyzed  f o r  TCA-85 by a n  i o d i n e / t h i o s u l f a t e  
t i t r a t i o n .  The s o l u b i l i t y  o f  TCA-85 was 28 g/100 m l ,  which i s  
approximately double  the  DCA-70 s o l u b i l i t y .  
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D .  F U L L  C E L L  EXPERIMENTS 

1 .  Cel l  Performance Data 

a .  I n t r o d u c t i o n  

Three d i f f e r e n t  d i s c h a r g e  c o n d i t i o n s  were employed f o r  t he  
e v a l u a t i o n  of  the  Li/DCA-70 c e l l .  Cons tan t  c u r r e n t  d i s c h a r g e s ,  
u s u a l l y  a t  1 0  mA/cm2, were employed f o r  r o u t i n e  s c r e e n i n g  
exper iments .  Cons tan t  v o l t a g e  tes ts  a t  3.2 v o l t s  were used t o  
f u r t h e r  c h a r a c t e r i z e  promis ing  c e l l s ,  s i n c e  t h i s  t y p e  of  d i s c h a r g e  
i s  c h a r a c t e r i s t i c  of a Dry Tape d i s c h a r g e  ( r e f .  1). F i n a l l y ,  
a l i m i t e d  number of  c o n s t a n t  l o a d  tes ts  were c a r r i e d  o u t  t o  
a l low o u r  s y s t e m  to be compared w i t h  compe t i t i ve  b a t t e r y  s y s t e m s .  

b. Energy Densi ty  a s  a Funct ion o f  Various Cel l  Parameters  

( 1 )  E l e c t r o l y t e  Molar i ty  

Earl ier  work ( r e f .  1) showed tha t  changes i n  t h e  L i C 1 0 4  
e l e c t r o l y t e  c o n c e n t r a t i o n  g r e a t l y  a f f e c t e d  t h e  c o n d u c t i v i t y  and 
v i s c o s i t y  of t he  s o l u t i o n s  ( F i g u r e  3 2 ) .  

The e f f e c t  of L i C 1 0 4  c o n c e n t r a t i o n  on c e l l  d i s c h a r g e  had 
been cons ide red  p r e v i o u s l y .  However, t h i s  data ( T a b l e  35, r e f .  1) 
only  compared r e s u l t s  of 2 hour ,  c o n s t a n t  3.2 v o l t  d i s c h a r g e s .  
S i n c e  t h e  e f f e c t s  of  v i s c o s i t y  and c o n d u c t i v i t y  might be  d i f f e r e n t  
a t  d i f f e r e n t  d i s c h a r g e  ra tes ,  a c o n c e n t r a t i o n  s tudy  was made a t  
s e v e r a l  c o n s t a n t  l o a d  d i s c h a r g e  ra tes .  T h i s  data i s  p r e s e n t e d  
i n  T a b l e  2 9 .  The 1.75M c o n c e n t r a t i o n  was i n c l u d e d  because of  
t h e  maximum i n  t h e  c o n d u c t i v i t y  to v i s c o s i t y  r a t i o  a t  t h i s  con- 
c e n t r a t i o n  ( F i g u r e  4 ) .  The data show t h a t  h igh  c o n c e n t r a t i o n s  
appear  preferable ,  a t  least  f o r  l o n g  d i s c h a r g e  t imes.  The 2M, 
30 ohm energy d e n s i t y  va lue  i s  low compared t o  p r e v i o u s  data 
(ref a 1). From prev ious  expe r i ence ,  i t  appears  t h a t  no advantage 
i s  r e a l i z e d  at t h e  5 hour  ra te  w i t h  L i C 1 0 4  m o l a r i t i e s  g r e a t e r  
t h a n  2M. 

The e f f e c t  of m e t h y l  formate  p u r i t y  i s  s l i g h t  (Table  3 0 ) .  
The r eason  f o r  the  i n c r e a s e  i n  s t a b i l i t y  of D C A - 7 O / L i C 1 0 4  
(F igu re  10) i s  presumably re la ted  t o  t he  water complexing e f f e c t  
which was r e p o r t e d  r e c e n t l y  by Dey ( r e f .  11). 

( 2 )  Act ive  Ch lo r ine  Compound 

Comparison of c e l l  performance based on d i f f e r e n c e s  among 
c h l o r i n a t e d  i s o c y a n u r i c  a c i d  d e r i v a t i v e s  were made w i t h  DCA-70, 
TCA-85 and t h e  l i t h i u m  sa l t  of  DCA-70 ( L i C 1 , C Y A ) .  
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O L i  

CI 

( L i C 1 2 C Y A )  

These c e l l s  were d ischarged  i n  t he  j e l l y - r o l l  c o n f i g u r a t i o n  i n  
a gas  t i g h t  c e l l  ho lde r .  

The gas t i g h t  c e l l  n e c e s s i t a t e d  the  use  of a 50% excess  
of  e l e c t r o l y t e  r e l a t i v e  t o  o u r  r e s e a r c h  c e l l .  T h i s  decreased  
t h e  energy d e n s i t y  (Table  31) .  I n  one t e s t ,  3.50 m l  was used i n  
p l a c e  of t h e  4.25 m l  normally used. I n  t h e  p re sen t  c e l l  des ign ,  
3.50 m i l l i t e r s  i s  appa ren t ly  too  l i t t l e ,  s i n c e  t h e  c e l l  e f f i c i e n c y  
decreased  sha rp ly .  The c e l l s  were d ischarged  through a 20 sd 
r e s i s t o r .  Gassing ( S e c t i o n  II .D.31,  as w e l l  as e l e c t r i c a l  data 
were obta ined .  DCA-70 i s  s u p e r i o r  t o  TCA-85 o r  L i C 1 2 C Y A .  T h i s  
s u p e r i o r i t y  i s  not  due t o  s o l u b i l i t y  c h a r a c t e r i s t i c s  ( T a b l e  32 ) .  

( 3 )  Cathode Thickness 

Normal t h i c k n e s s  of t h e  cathode i s  0.045 inch .  Therefore ,  
weights were doubled and q u a r t e r e d  t o  achieve nominal O . O I O 1 f  and 
0 .10"  t h i cknesses .  Resu l t s  are g iven  i n  T a b l e  33 f o r  1 0  mA/cm2. 
The 0 .01"  t h i ckness  was n o t  ea s i ly  ob ta ined  i n  a uniform 20 cm2 
area. The 0 .10"  t h i ckness  was run  i n  d u p l i c a t e  because of a 
p o s s i b l e  e r r o r .  Based on t h i s  data, t h e  0.05" th i ckness  was used 
f o r  s c r e e n i n g  experiments .  

(4) Current Densitx 

Using t h e  s t a n d a r d  cathode t h i c k n e s s  (0 .05 i n c h ) ,  a s e r i e s  of 
c u r r e n t  d e n s i t i e s  were tes ted.  T h i s  data i s  shown i n  summary 
form i n  Tab le  34. A va lue  of 1 0  mA/cm2 was chosen as t h e  
h i g h e s t  c u r r e n t  d e n s i t y  which would g ive  good performance a t  t h e  
s t a n d a r d  th i ckness .  

By dec reas ing  t h e  cathode t h i c k n e s s ,  h igher  c u r r e n t  d e n s i t i e s  
and much h i g h e r  d i scha rge  r a t e s  were obta ined .  Data on these 
t h i n  cathodes are g iven  i n  Table 35. The carbon b lack  conten t  
i n  these s t u d i e s  i s  28%. Energy dens i ty  va lues  range from 69 w-hr/ 
l b  f o r  t h e  6 minute rate t o  90 w-hr/lb f o r  t h e  30-60 minute rate. 
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T a b l e  32  

THE SOLUBILITY OF CHLORINATED ISOCYANURIC A C I D S  
I N  2M LiC104-MF ELECTROLYTE AT 22OC 

D e p o l a r i z e r  
S o l u b i  l i  t 
(g/lOO r n l l  

L i  C l  C Y A  2 .8  

DCA-70 1 4  

TCA-85 2 8  
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T a b l e  33 

EFFECT OF CATHODE T H I C K N E S S  ON D I S C H A R G E  
(17% Carbon,  0.5 m i n  WB, 1 0  mA/crn2, 20 cm2) 

T h i c k n e s s  C a p a c i t y  Ave rage  E f f i c i e n c y  Energy D e n s i t y  
C e l l  No. . ( i n . ches )  ( amp+- rn i n ) vo.1 t ( v ) ( % I  ( w - h r / l b )  

1051 00 0.01 11.81 3.23 33 .0  69 

109314 0.05 47.25 2.77 52.1 133 

10931 6 0.05 47.25 3.15 58.1 168 

109307 0.10 94.50 3.29 13.9 46 

109308 0.10 94.50 3 .00  15.9 48 

T a b l e  34 

EFFECT OF CURRENT D E N S I T Y  ON D I S C H A R G E  

( 1 7 %  Carbon,  0.5 min WB, 47.25 amp-min, 20 cm2) 

C u r r e n t  D e n s i t y  Ave rage  E f f i c i e n c y  Energy  D e n s i t y  
C e l l  No. (mA/cm V o l t ( v )  ( % I  ( w - h r / l b )  

109306 1 3.36 60.3 187 

109305 5 3.28 57.1 173 

10931 6 1 0  3.15 58.1 169 

109304 2 5  2.78 10 .9  28 

10931 4 10  2.77 52.1 133 
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T a b l e  35  

CONSTANT CURRENT - HIGH RATE DATA 

1 0 9 3 7 7  0 . 5 0  0 . 3 0  1 0  63  50 
1 0 9 3 7 8  0 . 5 0  0 . 3 0  15  6 4  3 3  
1 0 9 3 7 9  0 . 5 0  0 . 3 0  20 6 4  2 5  
1 0 9 3 8 0  0 . 5 0  0 . 3 0  25 59  1 8  

1 0 9 3 8 1  0 . 1 7  0 . 1 0  2 5  54  6 

The c u r r e n t  d e n s i t i e s  range f rom 1 0  t o  25 mA/cm2. The cathode 
t h i c k n e s s  f o r  0 .5  g DCA-70 i s  0.032 i n c h .  For t h e  6 minute ra te ,  
t h e  cathode t h i c k n e s s  i s  presumed t o  be 0 .010  i n c h .  I n  t h e s e  
t e s t s ,  a c o n s i d e r a b l e  weight p e n a l t y  must be absorbed f o r  t h e  
0 .015  i n c h  l i t h i u m  s t r i p .  

( 5 )  Carbon C o n t e n t  

Some experiments  were performed t o  f u r t h e r  a s s e s s  t h e  e f f e c t  
of i n c r e a s i n g  void  volume by i n c r e a s i n g  t h e  carbon c o n t e n t ,  and 
by d e c r e a s i n g  t h e  fo rma t ion  o r  t e s t  p r e s s u r e s .  These experiments  
a r e  summarized i n  Table  36. Cells 109263 and 109282 show t h a t  by 
i n c r e a s i n g  t h e  carbon c o n t e n t ,  a h i g h e r  cathode e f f i c i e n c y  i s  
o b t a i n a b l e ,  However, t h i s  i n c r e a s e d  carbon con ten t  does n o t  a l low 
t h e  c e l l  to be d i scha rged  a t  a h i g h e r  r a t e ,  and a l a r g e  i n c r e a s e  
i n  e l e c t r o l y t e  volume i s  r e q u i r e d .  The e f f e c t s  of d e c r e a s i n g  
t h e  t e s t  and fo rma t ion  p r e s s u r e s  a r e  margina l .  

By v i s u a l  o b s e r v a t i o n ,  it was f e l t  t ha t  c r y s t a l  fo rma t ion  might 
be  p a r t i a l l y  d i s c o n n e c t i n g  the  c e l l  by masking t h e  c u r r e n t  c o l l e c t o r  
p l a t e .  I n  C e l l  1 0 9 2 6 2 ,  a h igh -conduc t iv i ty  g r a p h i t e  (Micro 6- 
Asbury Graph i t e  M i l l s )  was l a i d  on top  of t h e  p l a t inum c o l l e c t o r  
p la te .  T h i s  gave bo th  a r e s e r v o i r  f o r  e l e c t r o l y t e  a t  t h e  base  of 
t h e  c e l l ,  and a porous base  that  conformed t o  t h e  cathode f a c e .  
I n  t h i s  way t h e  c r y s t a l  growth on the c o l l e c t o r  s i d e  shou ld  be  
avoided.  C e l l  109262 showed no major i n  ca tho  
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By i n c r e a s i n g  t h e  Shawinigan a c e t y l e n e  b l a c k  (SAB) con ten t  
to 28% from 1 7 % ,  t h e  cathode e f f i c i e n c y  i n c r e a s e d  only  s l i g h t l y .  
S i n c e  t h e  cathode cou ld  be  d i scha rged  w i t h  17% SAB, o t h e r  carbons 
were i n c o r p o r a t e d  to i n c r e a s e  t h e  carbon con ten t  t o  28%. These 
carbons were (1) t h e  h i g h  s u r f a c e  area Darco G60 c h a r c o a l ,  and 
( 2 )  t h e  Columbian b a t t e r y  b l a c k  Conductex-SC ( 220m2/g). These 
h i g h  s u r f a c e  area b l a c k s  d i d  n o t  improve t h e  c e l l  performance 
(Table  3 7 ) .  

High e l e c t r o l y t e  m o l a r i t y  (3M L i C l O b )  d i d  no t  improve t h e  
o p e r a t i o n  of t h e  cathode a t  1 0  mA/cm2. I n  Ce l l  109297 ( T a b l e  3 6 ) ,  
a s o l u b l e  s a l t ,  LiPF6, was added to t h e  ca thode  mix. Th i s  s a l t  
cou ld  d i s s o l v e  and g e n e r a t e  an ions  f o r  mig ra t ion .  While t h e  c e l l  
performance i n d i c a t e d  no improvement of  ca thode  e f f i c i e n c y  a t  
1 0  mA/cm2, t h e  average  v o l t a g e  ( 3 . 2 5 )  was s i g n i f i c a n t l y  h i g h e r  
t h a n  normal,  and t h i s  was presumably due to improved conduct ion  
( d e c r e a s e d  I R  loss) i n  t he  ca thode .  

( 6 )  D C A - 7 0  P a r t i c l e  S i z e  

During o u r  b l end ing  s t u d i e s  ( S e c t i o n  I I . B ) ,  i t  was shown 
t h a t  i n c r e a s e d  mixing of  carbon and DCA-70 dec reased  t h e  c e l l  
performance. The re fo re ,  exper iments  were under taken  to dec rease  
t h e  i n i t i a l  s i z e  and agglomera tes  o f  DCA-70  and carbon p r i o r  t o  
b l end ing ,  s o  t h a t  s h o r t e r  mixing t imes cou ld  b e  used.  Decreas ing  
t h e  DCA-70 p a r t i c l e  s i z e  might a l s o  i n c r e a s e  t h e  a v a i l a b i l i t y  of 
DCA-70 a t  t h e  r e a c t i o n  s i t e ,  l e a d i n g  to h i g h e r  c u r r e n t  d e n s i t y  
o p e r a t i o n .  

The DCA-70  was sc reened  th rough  a 50 mesh T e f l o n  coa ted  metal 
s c r e e n ,  t h e n  through 1 0 0 ,  325, and 400  mesh nylon  s c r e e n s .  A 
s l u r r y  t echn ique  was used to p a s s  t he  DCA-70 th rough the f i n e r  
s c r e e n s .  The l a r g e  p a r t i c l e s  of  DCA-70 were p r i m a r i l y  a g g r e g a t e s .  
Almost a l l  of  t h e  pr imary p a r t i c l e s  a r e  smaller t h a n  325 mesh. 

Because of t h e  f r a g i l i t y  o f  t h e  D C A - 7 0  agglomera tes ,  t h e  Waring 
b l e n d e r  could  n o t  be used  wi thout  f u r t h e r  s i z e  r e d u c t i o n .  There-  
f o r e ,  10 minutes  o f  P-K b l end ing  was used,  Data are g i v e n  i n  
Table  38. 

The l a r g e  agglomera tes  ( c e l l  109337) g i v e  p o o r e r  performance 
t h a n  smaller p a r t i c l e s  e 

( 7 )  P r e s s u r e  a n d  E l e c t r o l y t e  Requirements 
From the  data above, t h e  b e t t e r  b l end ing  methods and carbon 

p r e b l e n d i n g  methods y i e l d  mixes which r e q u i r e d  l a r g e r  e l e c t r o l y t e  
amounts e It i s  p o s s i b l e  t h a t  t h e  appa ren t  e f f i c i e n c y  improvement 
i s  due to the  p resence  of ex t ra  e l e c t r o l y t e .  Another way i n  which 
t h e  amount of e l e c t r o l y t e  r e q u i r e d  i s  i n c r e a s e d ,  which does no t  
r e q u i r e  changing t h e  b l end ,  i s  a d e c r e a s e  i n  t h e  c e l l  t e s t  p r e s s u r e .  
The d a t a  i n  Tab le  39 i n d i c a t e s ,  a g a i n ,  t h a t  e l e c t r o l y t e  a b s o r p t i o n  
i s  perhaps  the  c r i t i c a l  parameter .  



T a b l e  37  
EFFECT OF V A R I O U S  CARBON BLACKS ON CELL PERFORMANCE 

(10 mA/cm2) 

Carbon C o n t e n t  
( g /  20cm2) E l e c t r o l y t e  Cathode E f f i c i e n c y  

C e l l  N o .  SAB O t h e r  (m1/20cm2) ( % >  
109246 0.28 0.02" 1.5 58.6 
11 0780 0.50 - 2.3 62.6 
11 0786 0.30 0.20** 2.1 61 .O 
109368 0.30 0.20** 2.0 61.4 
11 0779 0 .30  0.20*** 2.0 
11 0796 - 0.50**  1 .9 
11 0797 0 .20  0.30** 1 .9  

59.2 
4 .2  

15 .2  

* Carbon F i b e r s  
** C o n d u c t e x  S C  
***Darco 6 - 6 0  

T a b l e  38  

EFFECT OF DCA PARTICLE SIZE ON CELL D I S C H A R G E  
[ l o  m i n  P - K  b l e n d ,  1.5 m l ,  2.OM L iC104(MF) ,  10  mA/cm2] 

DCA-70 Average  E f f i c i e n c y  Energy  D e n s i t y  
C e l l  (mesh s i z e )  V o l t a g e ( V )  ( % )  ( w -  h r / l  b )  
109312 >400*  2.99 54 .8  151 
109336 100-325 3.22 50.2 149  
109337 e 50 3.17 42.5 124  

- 

*DCA-70 a f t e r  m o r t a r  and  p e s t l e  g r i n d i n g  i s  p z m a r i l y  s m a l l e r  
t h a n  400 mesh. Hence, t h e  no rma l  DCA-70 sample  i s  o f  t h i s  s i z e .  
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T a b l e  39 
EFFECT OF ELECTROLY 

109309* ,  1.5 8 3.06 

109251  1 . 7  8 3.15 54.5 1 5 0  

109253 1 . 7  5.3 3.09 59.1 1 5 9  

109257 1.8  5.3 3.13 55.9 148 

( 8 )  O C A - 7 0  P u r i f i c a t i o n  

A s  described i n  a fo l lowing  s e c t i o n  ( I I . D . 4 1 ,  commercial 
DCA-70 was found to be not  chemical ly  pure .  By removing t h e  
MF-insoluble’ f r a c t i o n  ( N a C l , C 3 N 3 0 3 ) ,  i t  was f e l t  t h a t  t h e  c e l l  
performance might be improved. However, t h i s  was n o t  t h e  case  
(Table  4 0 ) .  

The i n s o l u b l e  f r a c t i o n  d ischarged  s i m i l a r l y  to t h e  s o l u b l e  
f r a c t i o n  and a recombinat ion o f  s o l u b l e  and i n s o l u b l e  f r a c t i o n s  
d i d  n o t  cause a recovery i n  performance r e l a t i v e  t o  t h a t  o f  the  
commercial material. Therefore ,  an a l t e r n a t i v e  hypo thes i s  might 
b e  that  r e c r y s t a l l i z a t i o n  of the  DCA-70 removes a necessa ry  i m -  
p u r i t y .  T h i s  impur i ty  could be water. Our s t a n d a r d  DCA-70 d r y i n g  
t echn ique ,  (vacuum, ove r  P2O5, a f t e r  g r i n d i n g  w i t h  mor ta r  and 
pes t l e )  however, should  remove most o f  t he  water. One t e s t  
was made w i t h  DCA-70 wi thout  t h e  d ry ing  s t e p .  The r e s u l t  i n d i c a t e d  
ah improvement w i t h  undr ied  DCA-70. 

Water may improve performance by  a l lowing  t h e  r e d u c t i o n  
product  t o  be conver ted  to cyanur ic  a c i d  i n  our  a p r o t i c  e l e c t r o -  
l y t e .  However, t h i s  would r e q u i r e  0 .146  H 2 0  f o r  1.5g DCA-70 
accord ing  t o  t h e  fo l lowing  equa t ion :  

OH OH 

3 N 3 0 3  t H 2 0  + - 4 L i  + L i 2 0  + 2L 



Table  40 

E F F E C T  OF DCA-70 PURITY O N  C E L L  DISCHARGE CHARACTERISTICS 
(10 mA/cm2, 28% S A B )  

DCA-70 Sample E f f i c i e n c y  Energy Densi ty  
Cel l  N o .  Source amp-mi n / / g  ( % )  ( w - h / l  b )  
11 0780 s t d  0 31.5 62.6 146 
109368 s t d  31.5 61.4 155 

32.6 59.7 141 
11 0792 s o l  32.6 59.1 138 
11  0795 s o l  32.9 42.7 95 

11 0781 s o l  ( 2 )  

109375 s o l  
109369 i nsol  ( 3 )  

s o l  90% ( 4 )  t i n s o l  10% 
109382 

32.9 45.4 109 
26.8 61.2 99 

26.8 3 2 * 9 f  51.4 111 

109384 s t d  u n d r i e d  31.9 65.2 150 
109390(5)  s t d  undr ied  31.9 64.2 145 

( l )  S tandard  commercial sample 
T h e  MF s o l u b l e  f r a c t i o n  

( 3 )  The MF i n s o l u b l e  f r a c t i o n  
( 4 )  Recombina.tion of s e p a r a t e d  f r a c t i o n s  
( 5 )  SAB exposed t o  w a t e r  vapor 

It i s  a l s o  p o s s i b l e  t ha t  an impur i ty  ( e . g . ,  H 2 0 )  may be 
r e q u i r e d  t o  p a s s i v a t e  t h e  l i t h i u m  s u r f a c e  towards s e l f - d i s c h a r g e  
r e a c t i o n s .  The re fo re ,  a f t e r  a d i s c h a r g e  w i t h  s o l u b l e  DCA-70 
(109385) t he  cathode was ana lyzed  f o r  the a c t i v e  c h l o r i n e  remain- 
i n g .  A t o t a l  of 13% c a p a c i t y  was lost. T h i s  i s  much g r e a t e r  t han  
when s t a n d a r d  DCA-70 i s  used.  

C e l l  109390 was d i scha rged  w i t h  undr i ed  s t a n d a r d  D C A - 7 0 ,  and 
w i t h  humid i f i ed  carbon b l a c k .  The wa te r  up take  of  carbon was 
3 mg H20/g SAB, which i n c r e a s e d  the c e l l  wa te r  con ten t  by only 
1 . 4  mg. The c e l l  d i s c h a r g e  was n o t  q u i t e  as good as w i t h  t h e  
undr i ed  DCA-70 c e l l ,  bu t  i t  was s i g n i f i c a n t l y  b e t t e r  t h a n  t h e  
d i s c h a r g e s  u s i n g  d r i e d  o r  r e c r y s t a l l i z e d  DCA-70 .  The c e l l  was 
d isassembled  a t  t h e  end of t h e  d i s c h a r g e  and t h e  cathode t i t r a t e d  
f o r  t h e  remaining a c t i v e  c h l o r i n e  c o n t e n t .  Only 63% o f  t h e  a c t i v e  
c h l o r i n e  could  be accounted f o r .  These r e s u l t s  i n d i c a t e  t h a t  
t h e  r e q u i r e d  i m p u r i t y  i n  DCA-70 s t a b i l i z e s  t h e  ca thode ,  probably 
by p a s s i v a t i n g  t h e  anode toward r e a c t i o n  w i t h  s o l u b l e  DCA-70 .  
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t h a n  25 mA/cm2 a r e  i m p r a c t i c a l  even w i t h  t h e  DCA-70 p re -d i s so lved  
and added to 1 0 0 %  carbon,  The cathode e f f i c i e n c i e s  of t h e s e  
c e l l s  a t  1 0  mA/cm2 a r e  40%,  and only  10% o f  t h e  a c t i v e  material 
remains i n  t h e  cathode a f t e r  d i s c h a r g e ,  F i n a l l y ,  t h e  e f f i c i e n c y  
improves when t h i c k e r  ca thodes  a r e  used.  One of t h e s e  cathodes 
was microtomed, N o  p roduct  c r y s t a l s  could be observed,  

F i g u r e  33 shows t h a t  t h e  d i s c h a r g e  of d i s s o l v e d  DCA-70 i s  n o t  
a s i m p l e  p r o c e s s ,  
i n  t h e  p r e c i p i t a t i o n  of p r o d u c t s  w i t h i n  t h e  ca thode ,  s i n c e  t h e  

We a s c r i b e  t h e  complexity to complex format ion  

chronopotent iograms o f  d i s s o l v e d  DCA-70 were s imple  and showed no 
v o l t a g e  p l a t e a u s  ., Coulometric experiments  gave p r e c i p i t a t e s  and 
complex v o l t a g e  curves  

d o  Constant  Voltage T e s t s  

Under a p rev ious  c o n t r a c t  ( r e f .  11, we o b t a i n e d  t es t  c e l l  
energy d e n s i t i e s  i n  excess  of  200  w a t t - h r / l b ,  based on weights  of 
t a p e  and e l e c t r o l y t e ,  These cons t an t  v o l t a g e  v a l u e s  were 1 0 %  
h i g h e r  than  t h o s e  o b t a i n e d  a t  c o n s t a n t  l o a d ,  The dynamic d i s c h a r g e  
o f  a Dry Tape segment i s  a t  c o n s t a n t  v o l t a g e .  For t h i s  r e a s o n ,  
s e v e r a l  s t a t i c ,  c o n s t a n t  v o l t a g e  t e s t s  were performed t o  assess 
any Smprovement i n  cathode e f f i c i e n c y  and d i s c h a r g e  r a t e  produced 
by changes sugges t ed  by t h i s  y e a r ' s  t e s t i n g  program. One fmprove- 
ment c a r r i e d  throughout  t h i s  program was t h e  use  of methanol- 
f r e e  methyl formate  which i s  o b t a i n e d  by p a s s i n g  t h e  s o l v e n t  
through a column of Linde 4 A  molecular  s i e v e s .  
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2 . 0  

1 . o  

X Open  C i r c u i t  Vo 1 t a g e  

- 

I I I I 
0 5 10 1 5  20 2 5  

time ( m i n u t e s )  

F i g u r e  3 3 .  D i s c h a r g e  Curve f o r  R e d u c t i o n  o f  
D i s s o l v e d  D C A - 7 0  ( C e l l  1 0 9 2 9 4 )  
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T a b l e  42 

EFFECT OF ELECTROLYTE, VOLTAGE AND CARBON CONTENT ON THE 

EFFICIENCY OF L i IDCA-70 CONSTANT VOLTAGE D I S C H A R G E  

( 1 . 5  g DCA-70, 0.5 m i n  WB, 8 p s i  T e s t  P r e s s u r e )  

C e l l  No. 

109343 

109345 

109347 

109348 

109342 

109357 

109358 

E l e c t r o l y t e  
m l  - % Carbon Type 

17 2M LiC10, 1.5 

17  2M L iClO,  1.5 

25 2M LiC10, 2.5 

25 2M LiC10, 2.3 

17  2M LiAsF, 1.5 

17 3M LiASF, 1.5 

17  3M LiASF, 1.45 

V o l t a g e  

o_ 
3.2 

3.0 

3.2 

3.2 

3.2 

3.2 

3.2 

E f f i c i e n c y  (%)  
8 hr 1 h r  

33.5 64.0 

- - 

33.2 59.2 

32.1 58.9 

38.7 68.0 

24.5 60.9 

31 .O 60.4 

28.0 58.2 
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Cell No. 

109343 

109351 

109346 

109349 

109350 

109354 

109356 

109353 

109355 

Table 43 

EFFECT OF BLENDING A N D  PRESSURE ON THE EFFICIENCY 
OF 3.2 VOLT LiIDCA-70 DISCHARGES 

C1.5 g DCA-70, 17% Carbon, 2M LiCIOQ (MF)] 

Blend 
Type m i n .  

WB 0.5 

W B  0.5 

W B  0.5 

W B  0.5 

W B  0.5 

W B  0.16 

W B  0.16 

P K  10 

P K  60 

- 
Test Pressure 

( p s i  ) 

8 

8 

5.7 

5.7 

5.7 

8 

8 

8 

8 

Electrolyte 
Volume (ml) 

1.5 

1.4 

1.7 

1.5 

1.4 

1.5 

1.4 

1.5 

1.5 

Cathode 
Efficiency(%) 
1 hr 8 hr 

33.5 64.0 

32.8 64.5 

33.6 64.8 

33.2 62.5 

29.3 52.3 

34.7 68.7 

32.2 64.6 

31.6 67.6 

34.2 67.4 

- 
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T e s t  109343 i s  t h e  s t a n d a r d  f o r  t h e  series.  Decreasing t h e  
v o l t a g e  ( 3 . 0 ~  vs .  3 . 2 ~ )  should  i n c r e a s e  the  rate of  e l e c t r o -  
chemical l i m i t i n g  p r o c e s s e s .  However, the  tes t  (109345) shows no 
improvement i n  ra te  of  d i s c h a r g e ,  

I n c r e a s i n g  the  amount 
e f f i c i e n c y  and rate s i n c  
and b e t t e r  e c t r o n i c  a n  
from 17  to 2 carbon d i d  show a s i g n i f i c a n  
a t  h igh  rate (109348) ;  bu t  t h e  weight p e n a l t y  was l a r g e .  A t  1 
hour ,  t he  s t a n d a r d  c e l l  energy d e n s i t y  i s  99 w-h/lb and t h e  24% 
carbon c e l l  i s  89 w-h/lb; t h e  e f f i c i e n c i e s  are 13.5% and 38.7% 
r e s p e c t i v e l y .  

The c o n d u c t i v i t y  of  t h e  e l e c t r q l y t e  could  be an  impor t an t  
parameter  i n  de te rmining  the  maximum ra te  of  d i s c h a r g e  i n  o rgan ic  
e l e c t r o l y t e  s y s t e m s .  S ince  t h e  c o n d u c t i v i t y  of  LiASF6 i s  consid-  
e r a b l y  g r e a t e r  t h a n  t h a t  of L i C 1 0 4 ,  th ree  c e l l s  were d i scha rged  
w i t h  LiASF6. A s  i n  p rev ious  tes ts ,  there  was no advantage t o  t h e  
use  of  LiASF6 ove r  L i C 1 0 4 .  

The e f f e c t  o f  b l end ing  and p r e s s u r e  i s  shown i n  T a b l e  43. 
With l e s s  t e s t  p r e s s u r e ,  more e l e c t r o l y t e  i s  r e q u i r e d ,  However, 
no s i g n i f i c a n t  i n c r e a s e  i n  e f f i c i e n c y  i s  observed,  ( t e s t s , 1 0 9 3 4 3 ,  
51,46,49-50). From p rev ious  a n a l y s i s  of  b l end ing ,  a s h o r t  mix- 
i n g  t i m e  was found to be b e n e f i c i a l .  Thus, 1 0  second Waring 
b l end ing  of carbons p l u s  1 0  second b lend ing  of  carbon w i t h  DCA-70 
was used (see a l s o  Cel l s  no. 109338, 40 ,  46, 4 7 ) .  F i n a l l y ,  two 
o f  t h e  s h o r t  t i m e  Pa t te rson-Kel ly  Twin S h e l l  b lends  were s t u d i e d .  
The r e s u l t s  show an  improvement only f o r  t h e  1 0  second Waring 
b l end ing .  V i s u a l  o b s e r v a t i o n  shows tha t  t h e  s h o r t  t i m e  P-K b lends  
are not  w e l l  mixed. T h i s  r e s u l t  s u g g e s t s  tha t  a d i r e c t  v o r t e x  
d r y  s o l i d s  u n i t  (Sprout-Waldron Co. ) ,  might g i v e  some e x c e l l e n t  
mix f o r  l a r g e  q u a n t i t y  a p p l i c a t i o n s .  The u n i t  uses  compressed 
a i r  p u l s e s  to ach ieve  mixing w i t h  sugges t ed  mixing t i m e s  o f  16-60 
seconds.  The q u a n t i t y  of  DCA-70  p r e s e n t l y  r e q u i r e d  might be a 
sa fe ty  haza rd ,  however. 

F i n a l  o p t i m i z a t i o n  of t h e  cathode mix f o r  c o n s t a n t  v o l t a g e  
d i s c h a r g e  can be seen  i n  the  data of  T a b l e  4 4 .  The best r e s u l t ,  
u s i n g  5 seconds carbon f l u f f i n g  p l u s  5 seconds b l end ing  of  DCA-70 
and carbon, i s  s i g n i f i c a n t l y  b e t t e r  t h a n  t h e  s t a n d a r d  60 second 
carbon b l end ing ,  and 30 second DCA-70-carbon b l end ing  (110763 vs .  
109343).  
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T a b l e  4 4  

CONSTANT VOLTAGE D I S C H A R G E  DATA 
( 3 . 2  v o l t s )  

Amount Amount Amount 81 e n d i  na C a t h o d e  
DCA-70 Carbon  E l e c t r o l y t e  T i m e ( s e E )  E f f i c i e n c y ( % )  

C e l l  No. (9) ( % )  ( m l )  Ca rbon  T o t a l  1 h r  8 h r s  

109343"  1 . 5  17  1 . 5  60  3 0  33.5 64 .0  
109348"  1 .5  25 2.3 6 0  30  38.7 68 .0  
109354*  1 , 5  1 7  1 .5  1 0  1 0  34.7 68 .7  
109360  0 .9  25 1 . 4  60  30  52.3 70 .2  
109361 1,5 17  1 . 5  10  1 0  33.0 68 .7  
11  0757 1,5 1 7  1 . 5  0 5 31 .0  67 .3  
11  0763 1 . 5  17 1 . 5  5 5 34 .2  69 .5  
109363  1 .5  25 2 .3  5 5 36 .8  71 .O 
109365  0 .9  25 1,4 5 5 51.6 74 .8  
109367**  1 .5  17 1 . 5  1 0  1 0  38 .1  69 .5  
109371***  1 .5 17  1 . 6  1 0  1 0  36 .1  6 6 . 8  
11  0763 1 . 5  17  1 .5  5 5 34 .2  69 .5  
11  0785""" 1 5 17  1 . 5  1 0  1 0  10 .0  53 .8  
109372  0 .5  38  1 .2  1 0  1 0  63.5 74 .1  

* D a t a  f r o m  R e p o r t  No. 1 1  
** S o l u b l e  f r a c t i o n  o f  DCA-70. E f f i c i e n c y  b a s e d  o n  31.1 amp-min/g.  
*** S o l u b l e  f r a c t i o n  o f  DCA-70. E f f i c i e n c y  b a s e d  on  32 .6  amp-min /g .  

When i n c r e a s e d  carbon con ten t  (25% v s .  1 7 % )  was employed, 
t h e  c e l l  r e q u i r e d  more e l e c t r o l y t e  and was cons ide rab ly  t h i c k e r  
t han  t h e  s t a n d a r d  c e l l .  Two tes ts  were made w i t h  25% carbon i n  
which t h e  DCA-70 q u a n t i t y  was dec reased ,  rather t h a n  t h e  carbon 
i n c r e a s e d .  These t e s t s  show a large improvement i n  cathode 
u t i l i z a t i o n ,  e s p e c i a l l y  a t  s h o r t  times. E f f i c i e n c i e s  of ove r  50% 
a r e  o b t a i n e d  w i t h i n  one hour a t  3.2 v o l t s  i n  t h e s e  tes ts .  The 
75% e f f i c i e n c y  achieved  i n  8 hours  i s  t h e  h i g h e s t  u t i l i z a t i o n  
achieved  on t h i s  program. The energy d e n s i t y  c a l c u l a t e d  at  1 hour 
i s  112w-hr/lb 
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DCA-70, as ob ta ined ,  i s  not  completely s o l u b l e  i n  methyl  
formate(no L i C 1 0 4 ) .  The i n s o l u b l e  f r a c t i o n  i s  t h e  sodium 
sa l t  o f  DCA-70 (see S e c t i o n  I I . D . 2 ) .  Although t h i s  s a l t  
i s  s o l u b l e  i n  ou r  e l e c t r o l y t e  [2M LiC104(MF)]  i t  may n o t  
be reduced as e f f e c t i v e l y  as DCA-70. Also the  large q u a n t i t y  
N a  i o n  may dec rease  t h e  e l e c t r o l y t e  c o n d u c t i v i t y  o r  o the rwise  
i n h i b i t  performance o f  t h e  c e l l .  

of  

So lub le  ba t ches  of  p u r i f i e d  DCA-70 were ob ta ined  by 
e x t r a c t i o n  w i t h  m e t h y l  formate and used f o r  a c e l l  d i scha rge .  
The f i r s t  ba t ch  of material had a coulombic capac i ty  o f  31.1 
amp-min/g, whereas the commercial product  analyzed a t  31.5 amp- 
min/g. The pure  compound should  have a 32.5 amp-min/g c a p a c i t y .  
Hence, some decomposition probably occurred  i n  the r e - c r y s t a l -  
l i z a t i o n  p rocess .  Pu re r  samples were l a t e r  prepared. The c e l l  
discharge c h a r a c t e r i s t i c s  of t h e  f i r s t  material showed a cons ider -  
able improvement i n  c e l l  performance, e s p e c i a l l y  a t  s h o r t  times. 
However, w i t h  p u r e r  samples t h i s  improvement was no t  found. 
T h i s  may be  re la ted t o  t h e  more complete removal of  a necessary  
impur i ty ,  as d i s c u s s e d  i n  t h e  previous  s e c t i o n .  

e .  Constant Load Tests  

Discharges a t  t h e  1 and 3 hour rates were performed u s i n g  
t h e  1 0  minute P-K b lend  mix w i t h  9 and 20 ohm r e s i s t o r s .  The 
r e s u l t s ,  shown i n  T a b l e  45 are comparable t o  t h e  data shown 
i n  o u r  ea r l i e r  work ( r e f .  l), f o r  t h e  1 and 3 hour  ra tes .  There 
i s  no improvement based on t h i s  b l end ing  method. 

Table 4 5  

C O N S T A N T  L O A D  D I S C H A R G E  O F  1 0  M I N U T E  P - K  B L E N D S  
C1.5 ml, 2.OM LiClO,(MF)] 

Time to  
Load 2 . 0 ~  Average Eff i c i ency  Energy Density 

Cell  (ohms) (min) Vol tage(v)  ( % )  ( w -  hr/l  b )  

1 0 9 3 2 1  9 68 2 . 8 2  4 4 . 9  1 1 7  

1 0 9 3 2 2  2 0  1 6 7  3 . 1 3  5 5 . 0  1 5 9  
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2 .  

Based on these f a c t o r s ,  t he  most r easonab le  e x p l a n a t i o n  f o r  
t h e  e f f i c i e n c y  and r a t e  l i m i t a t i o n s  i n  t h e  Li/DCA-70 c e l l  i s  an  
i n s o l u b l e  cathode product  which s e v e r e l y  l i m i t s  DCA-70  d i f f u s i o n .  

The re fo re ,  a program was c a r r i e d  o u t  t o  i d e n t i f y  and charac-  
t e r i z e  the p roduc t s  of t h e  L i / D C A - 7 0  c e l l  r e a c t i o n .  T h i s  informa- 
t i o n  might lead t o  l o g i c a l  changes i n  t he  cathode o r  e l e c t r o l y t e  
which would improve t h e  c e l l  e f f i c i e n c y  and t h e  maximum ra te  
of d i scha rge .  The p roduc t s  were pursued i n  t h ree  ways, (1) cathode 
e x t r a c t i o n ,  ( 2 )  e l e c t r o c h e m i c a l  s y n t h e s i s  and ( 3 )  chemical  
s y n t h e s i s .  

b. I d e n t i f i c a t i o n  o f  C a t h o d e  R e d u c t i o n  P r o d u c t s  

( 1 )  E x t r a c t i o n  o f  D i s c h a r g e d  C a t h o d e s  

Since  DCA-70  and L i C l  are bo th  somewhat s o l u b l e  i n  m e t h y l  
formate ,  and the  DCA-70 r e a c t i o n  product  was presumed t o  be  i n -  
s o l u b l e ,  a d i scha rged  cathode was e x t r a c t e d  i n  a Soxh le t  e x t r a c t o r  
w i t h  m e t h y l  formate  i n  o r d e r  t o  p a r t i a l l y  s e p a r a t e  t h e  components. 
The e x t r a c t i o n  should  l e a v e  t h e  carbon and o r g a n i c  r e d u c t i o n  
product  as t h e  remaining s o l i d s .  D i f f e r e n t  samples of t h i s  re- 
s i d u a l  s o l i d  were t h e n  e x t r a c t e d  w i t h  ace tone  and w i t h  ace to -  
n i t r i l e .  Both e x t r a c t i o n s  gave p roduc t s  which were i s o l a t e d  by 
e v a p o r a t i o n  of  t h e  s o l v e n t .  Both of these p roduc t s  had the  same 
I n f r a r e d  spectrum (F igure  341, which was similar t o  (1) t h e  
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A sample of d i scha rged  cathode was submi t t ed  f o r  x-ray an- 
a ly s i s ,  p r i m a r i l y  t o  determine t h e  p re sence  or absence of L i 2 0 .  
The p re sence  of L i 2 0  could i n d i c a t e  t h e  breakdown of t h e  l i t h i u m  
sa l t  of cyanur i c  a c i d  i n t o  L i 2 0  and a polymer of cyanur i c  a c i d  
w i t h  ether l i n k a g e s .  No L i 2 0  was found i n  the x-ray p a t t e r n .  
However, a sha rp  l i n e  a t  d = 3.03 was observed which i s  unexplained, 

( 2 )  E l e c t r o d e  Discharge Products  

During a ser ies  of experiments  t o  assess the  coulombic 
acceptance  c a p a c i t y  of a carbon rod  e l e c t r o d e  p r i o r  t o  e l e c t r o d e  
blockage,  enough material was o b t a i n e d  t o  make a KBr p e l l e t  f o r  
i n f r a r e d  s p e c t r a l  a n a l y s i s .  The spectrum i s  shown i n  F igu re  35. 
It i s  i d e n t i c a l  t o  t h e  spectrum of the  cathode e x t r a c t i o n  ex- 
per iment  (F igu re  34 ) .  T h i s  experiment was performed w i t h  d r i e d  
MF and L i C 1 0 4  and t h e  e l e c t r o l y t e  should  no t  c o n t a i n  s u f f i c i e n t  
water t o  g ive  cyanur i c  a c i d .  It i s  n o t  known, however, how 
much water i s  a v a i l a b l e  from the  KBr .  

( 3 )  Chemical S y n t h e s i s  o f  Cyanuric Acid S a l t s  

A number of t r i a z i n e  d e r i v a t i v e s  are r easonab le  cand ida te s  
as ACL-70 r e a c t i o n  p roduc t s .  These compounds can be c l a s s i f i e d  
as d e r i v a t i v e s  o f  d i c h l o r o i s o c y a n u r i c  a c i d  ( A ) ,  monochloroiso- 
cyanur i c  a c i d  ( B ) ,  and cyanur i c  a c i d  ( C ) .  

ox ox  ox 

( A )  X = H , L i  ( B )  X = H , L i  ( C )  X = H , L i  
Y = H , L i  Y = H , L i  

Z = H , L i  

There are 2 ,  3 and 4 d e r i v a t i v e s  of A ,  3 and 6, r e s p e c t i v e l y .  
We had a v a i l a b l e  bo th  d e r i v a t i v e s  of ( A ) .  The monochloro 
d e r i v a t i v e s  ( B )  are u n s t a b l e ,  unknown, and would probably  be  
f u r t h e r  reduced under  t he  r e a c t i o n  c o n d i t i o n s .  We had a v a i l a b l e  
cyanur i c  a c i d  [ ( C ) ,  X = Y = Z = H I ,  and set out  t o  p r e p a r e  t h e  
o t h e r  three d e r i v a t i v e s  of (C), i . e . ,  t h e  mono-, d i -  and tri- 
l i t h i u m  sa l t s  of cyanur i c  a c i d .  These d e r i v a t i v e s  of (C) are 
most l o g i c a l  as cathode r e a c t i o n  p roduc t s  i n  o u r  non-protonic  
e l e c t r o l y t e  s y s t e m .  





The most l i k e l y  product  of  DCA-70 r e d u c t i o n  i s  t h e  d i l i t h i u m  
sa l t  o f  cyanur i c  a c i d  ( L i 2 H C 3 N 3 0 3 ) .  Anot 
f o r  t he  L i  9 DCA-70 s e l f - d i s c h a r g e  r eac t i  
f o r e ,  i t  would be desirable  to have these 
c h a r a c t e r i z e d ,  

Cyanuric  a d ( H 3 C 3 N 3 0 3 )  was s u  
w i t h  L i O H  i n  a n  a t t empt  to s y n t h e s i z  
w i t h  one e q u i v a l e n t  o f  L i O H  gave a s h a r p  pH 
used  to a s s a y  t h e  H 3 C 3 N 3 0 3  p u r i t y  ( 1 0 0 . 5 % ) .  
pH s t e p s  t o  i n d i c a t e  f u r t h e r  product  fo rma t ion ,  P roduc t s  were i s o -  
l a t e d  from t h e  H 3 C 3 N 3 0 3  p l u s  1, 2 and 3 L i O H  e q u i v a l e n t s .  The i n -  
frared s p e c t r a  from the  r e a c t i o n  of  1 and 2 e q u i v a l e n t s  are d i f -  
f e r e n t ,  i n d i c a t i n g  t h a t  t he  mono and d i l i t h i u m  sa l t s  were formed. 
The L i 3 C 3 N 3 0 3  d e r i v a t i v e  was no t  formed. The l i t h i u m  sa l t s  were 
very  s o l u b l e  i n  water and were c o l l e c t e d  by e v a p o r a t i n g  s o l u t i o n s  
to dryness .  Hence, no d i g e s t i o n  s t e p  shou ld  be  necessa ry  f o r  t h e  
fo rma t ion  of  L i 3 C 3 N 3 0 3 .  The l a s t  d i s s o c i a t i o n  c o n s t a n t  i s  
estimated as 3 . 1  x ( r e f .  13)  o r  ( r e f .  14). However, 
H i r t  and Schmi t t  ( r e f .  1 4 )  s a y :  "A t h i r d  i o n i c  form may e x i s t  i n  
t h e  s o l i d  s t a t e r t r i s o d i u m  c y a n u r a t e ' ,  [ b u t ]  i t  i s  not  obse rvab le  
s p e c t r o s c o p i c a l l y  i n  [aqueous 1 s o l u t i o n .  " S i n c e  t h e  r e a c t i o n  of 
3 L i O H  p e r  mole o f  cyanur i c  a c i d  d i d  not  g i v e  t h e  desired p r o d u c t ,  
a f u r t h e r  attempt was made t o  form the L i 3 C 3 N 3 0 3 .  The au topro-  
t o l y s i s  c o n s t a n t  o f  methol  might a l low the fo rma t ion  of L i 3 C 3 N 3 0 3  
from H 3 C 3 N 3 0 3  and L i O C H 3  i n  methanol. A L i O C H ,  s o l u t i o n  was ob- 
t a i n e d  from Foot'e Minera l  Company and used i n  a g love  box. Two 
and three e q u i v a l e n t s  of  L i O C H 3  were added to methanol ic  s o l u t i o n s  
o f  c y a n u r i c  a c i d .  S i n c e  none of t h e  product  l i t h i u m  sa l t s  were 
s o l u b l e  i n  methanol,  t h e  c r y s t a l s  were d i g e s t e d  f o r  30 minutes  
under  r e f l u x .  The c r y s t a l s  were t h e n  f i l t e r e d  i n  a i r  and d r i ed  
under  vacuum. Both samples gave i d e n t i c a l  I R  and NMR s p e c t r a ,  
which was a l s o  i d e n t i c a l  to t h e  spectrum of t h e  d i l i t h i u m  sa l t  
o b t a i n e d  from aqueous s o l t u i o n .  The L i 2 H C 3 N 3 0 3  p roduct  was t h e n  
r e f l u x e d  ove rn igh t  w i t h  1 0 %  LiOMe and the  product  r ecove red  and 
d r i e d .  Although t h e  NMR showed s l i g h t l y  less hydrogen, t he  pro-  
d u c t  w a s  s t i l l  p r i m a r i l y  L i 2 H C 3 N 3 0 3 .  

P roducts  o f  DCA-70 r e d u c t i o n  were o b t a i n e d  from a l i t h i u m  
amalgam r e d u c t i o n  of  DCA-70 i n  methyl formate  s o l u t i o n .  A g reen  
s o l i d  was o b t a i n e d  which s lbwly  t u r n e d  brown i n  t h e  g love  box. 
T h i s  s o l i d  had to be s e p a r a t e d  from mercury by washing i n  a sepa-  
r a t o r y  f u n n e l  w i t h  h 

L i H 2 C 3 N 3 0 3 ,  L i 2 H C 3 N 3 0 3 ,  and 

f DCA-70 a t  a p l  
u r e s  13  and 14). 

u r e s  36-38. The s p e c t r a  of cyanur i c  

product  of  DCA-70 .  
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F i g u r e  3 6, I n f r a r e d  Spectrum o f  LiH2C3N303 
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F i g u r e  3 7. I n f r a r e d  Spectrum o f  L i2HC3k303  
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F i g u r e  3 8 .  I n f r a  
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' F igure  39. I n f r a r e d  Spectrum o f  L i  (Hg)/DCA-70 Product  
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F i g u r e  40- I n f r a r e d  Spectrum o f  L i  (Hg)/DCA-70 Product  
A f t e r  E x t r a c t i o n  w i t h  MF 



Although the  p u r i t y  of t h i s  sample i s  q u e s t i o n a b l e ,  t h e  p roduc t  
does no t  correspond to L i 2 H C 3 N 3 0 3  or t o  t he  DCA-70 r e d u c t i o n  pro-  
d u c t  a t  P t .  F igu re  40 i s  t h e  material i n  F igu re  39 a f t e r  e x t r a c -  
t i o n  of L i C l  (and o t h e r  material such as unreac ted  D C A - 7 0 )  by 
Soxhle t  e x t r a c t i o n  w i t h  methyl  formate f o r  24 hours" .  

The NMR s p e c t r a  of  L i 2 H C 3 N 3 0 3  and t h e  L i ( H g )  p roduct  of  DCA-70 
showed t h a t  t he  p r o t o n s  of  bo th  compounds were exchangeable  w i t h  D 2 0 .  
However, o u r  i n a b i l i t y  to form L i 3 C 3 N 3 0 3  i n d i c a t e s  that  the  a c i d i t y  
of t h e  p r o t o n  i n  L i 2 H C 3 N 3 0 3  i s  extremely low, The q u a n t i t y  of 
p ro tons  i n  t h e  Li(Hg)/DCA-70 product  corresponded roughly t o  t h e  
q u a n t i t y  i n  L i 2 H C 3 N 3 0 3 ;  assuming t h a t  t h e  s o l i d  was L i 2 H C 3 N 3 0 3  + 
2 L i C l  [ o r  t h e  l i n e a r  polymer (HC3N302)n t 2n L i C l  t nLi20] .  
However, t h e  i n f r a r e d  spectrum d i d  n o t  correspond t o  L i 2 H C 3 N 3 0 3  
compound, and only  a small amount o f  material was e x t r a c t e d  by 
t h e  Soxhle t  p r o c e s s ,  even though pure  L i C l  i s  e x t r a c t e d  w i t h i n  
t h e  24  hour  p e r i o d .  

The UV s p e c t r a  of t he  l i t h i u m  sa l t s  have been determined i n  
water .  T h e  l i t e r a t u r e  ( r e f .  1 4 )  shows t h a t  a peak can be  found 
f o r  HC3N303'  a t  pH 1 0 .  T h i s  peak can presumably b e  used f o r  ana- 
l y s i s  of  t h e  s o l u b i l i t y  of  cyanur i c  a c i d  e n t i t i e s  i n  s o l u t i o n .  
A c a l i b r a t i o n  curve of peak h e i g h t  v s .  cyanur i c  a c i d  c o n c e n t r a t i o n  
was c o n s t r u c t e d ,  Samples of L i 2 H C 3 N 3 0 3  and Li(Hg) product  of DCA-70 
were used t o  s a t u r a t e  methyl formate s o l u t i o n s .  An a l i q u o t  of 
s a t u r a t e d  s o l u t i o n  was t aken ,  evapora ted  t o  dryness  ( s i n c e  MF 
i n t e r f e r e s  w i t h  t h s  spectra)  and t h e  r e s u l t i n g  s a l t  r e d i s s o l v e d  i n  
water. No H C 3 N 3 0 <  e n t i t y  was observed when t h e  pg was a d j u s t e d  
t o  pH 1 0 ,  and a d d i t i o n  of L i 2 H C 3 N 3 0 3  gave a peak.  Hence, t h e  
s o l u b i l i t y  of these  p roduc t s  i n  methyl  formate i s  below t h e  l i m i t  
of  d e t e c t i o n ,  f o e r ,  <0.0025 g / l  i n  t h e s e  c a s e s .  

"L iC1  does no t  g ive  i n f r a r e d  a b s o r p t i o n  peaks and does n o t  a l t e r  
the  spectrum of L i 2 H C 3 N 3 0 3 .  There i s  evidence t h a t  H 3 C 3 N 3 0 3  
r e a c t s  w i t h  K B r  and changes i t s  spectrum ( r e f .  1 5 ) .  However, 
a f t e r  t a k i n g  H 3 C 3 N 3 0 3  and L i 2 H C 3 N 3 0 3  s p e c t r a  i n  K B r  and Nujol ,  
w i t h  and wi thou t  L i C 1 ,  w e  dec ided  t o  use  KBr .  We could  see 
no s p e c t r a l  s h i f t  due to L i C l  complex format ion ,  even when 
u s i n g  Nujo l ,  



c. The Effect o f  LiCl Production o n  DCA-70 Stability 

During o u r  e a r l i e r  ch ronopo ten t iome t r i c  s t u d i e s  ( S e c t i o n  I I . C > ,  
l i t h i u m  c h l o r i d e  was added to e l e c t r o l y t e  s o l u t i o n s  i n  a n  a t t empt  
to approximate t h e  cathode c o n d i t i o n s .  A t  t h a t  t i m e ,  i t  appeared 
tha t  L i C l  caused the  e v o l u t i o n  of c h l o r i n e  gas from DCA-70/ 
e l e c t r o l y t e  s o l u t i o n s .  Me conducted s e v e r a l  a d d i t i o n a l  e x p e r i -  
ments t o  determine whether L i C l  might reduce cathode c a p a c i t y  d u r i n g  
t h e  d i s c h a r g e  p e r i o d  by t h e  fo l lowing  r e a c t i o n :  

OH OH 

C I  

( D C A - 7 0 )  

S ince  DCA-70  decomposi t ion by  t h i s  mechanism would probably 
depend upon t h e  amount of Li'C1 i n  s o l u t i o n ,  a s tudy  was made of 
t h e  s o l u b i l i t y  of L i C l  i n  MF and i n  2 M  L i C l O k - M F  s o l u t i o n s .  
T a b l e  46 shows these s o l u b i l i t y  d a t a ,  as w e l l  as t h o s e  for dry 
MgC12, which a l s o  caused c h l o r i n e  e v o l u t i o n .  

Table 46 

THE SOLUBILITY OF LiCl and MgC12 I N  MF AND 
2 M  LiC104-MF SOLUTIONS 

Solute Solubility ( g / l )  
Sol vent 

M F  

Li C1 - 
1.1 

MgCl7 

0.6 

2 M  LiC104-MF 6.7 21 -8 

The decomposi t ion experiments  were chosen to approximate 
t h o s e  i n  a d i s c h a r g i n g  ca thode .  Glass v i a l s  w i t h  small vent  
h o l e s  were sample h o l d e r s .  DCA-70 samples weighing 0,100 gram 
were used s o  t h e  e n t i r e  sample could be  t i t r a t e d  a t  the  end of  
t h e  experiment .  
The amount of L i C l  added equaled  t h e  amount t ha t  would be 
produced from 0.100 gram of DCA-70 half-way through a 6 hour  
d i scha rge .  The amount of M g C 1 2  added was e q u i v a l e n t  i n  c h l o r i d e  

Decomposition at  t h e  end of 6 hours  was measured. 
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c o n c e n t r a t i o n  to t ha t  o f  t he  L i C l  a d d i t i v e  ( o r  0.5 molar amount 
of  L i C 1 ) .  MgC12 was tes ted  s i n c e  i t  was more s o l u b l e  i n  e l e c -  
t r o l y t e  t h a n  L i C 1 ,  and t h e  DCA-70 decomposi t ion might be assumed 
to be  p r o p o r t i o n a l  to t h e  c h l o r i d e  i o n  c o n c e n t r a t i o n  i n  s o l u t i o n .  
When Shawinigan Acetylene Black  (SAB) was added, i t  was i n  t h e  
same p r o p o r t i o n  found i n  our ca thode .  

The data are shown i n  T a b l e ' 4 7 .  The ACL number o f  an a c t i v e  
ha logen  compound i s  based on t h e  o x i d a t i v e  c a p a c i t y  (amp-min/g) 
of t h e  compound r e l a t i v e  to c h l o r i n e ,  which i s  a s s i g n e d  a va lue  
of 100, T h e r e f o r e ,  DCA-70 has an  ACL-number of  70 and 70 p e r c e n t  
of  t h e  c a p a c i t y  of  C 1 2 .  The ACL number i s  determined by t h e  i o d i d e -  
t h i o s u l f a t e  t e c h n i q u e  ( r e f .  1). 

Experiments were c a r r i e d  out a t , t w o  c o n c e n t r a t i o n s  - 5.0  m l  
and 0 . 1  m l  of s o l u t i o n  p e r  0 . 1 0 0  gram of DCA-70. The l a t t e r  
c o n c e n t r a t i o n  i s  c h a r a c t e r i s t i c  of  t h a t  i n  a d i s c h a r g i n g  ca thode ,  
while t h e  l a r g e r  amount of s o l u t i o n  ( 5 . 0  m l )  shou ld  i n t e n s i f y  
any decomposi t ion no ted  w i t h  t h e  smaller amount of  s o l v e n t  ( 0 . 1  m l ) .  

The data show t h a t  c h l o r i d e  c o n t a i n i n g  sa l t s  i n c r e a s e  t h e  
r a t e  of DCA-70 decomposi t ion.  The more s o l u b l e  t h e  s o l u t e ,  t h e  
l a r g e r  t h e  decomposi t ion.  A d i r e c t  p r o p o r t i o n a l i t y  i s  not  
observed ,  however, (see MgC12 i n  LiC104-MF) probably  because t h e  
e q u i l i b r i u m  

MgC12 Mgt2 t 2 C 1 -  
7 

l i e s  f a r  to t h e  l e f t .  The p resence  of SAB appears to reduce 
DCA-70 decomposi t ion,  p o s s i b l y  by a d s o r p t i o n  of any C 1 2  produced. 

d .  I d e n t i f i c a t i o n  o f  DCA-60 a s  an I m p u r i t y  i n  D G A - 7 0  

Soxh le t  e x t r a c t i o n  experiments  were c a r r i e d  out on v a r i o u s  
known cathode components p r i o r  t o  a t t e m p t s  to s e p a r a t e  and 
i d e n t i f y  t h e  unknown p roduc t s  p r e s e n t  i n  o u r  d i scha rged  ca thode .  

E x t r a c t i o n  of DCA-70 w i t h  MF l e f t  an i n s o l u b l e  r e s i d u e  
which equa led  1 0  p e r c e n t  of t h e  sample,  and gave an  ACL number 
o f  59 to 6 0 .  T h i s  r e s i d u e  had been no ted  ea r l i e r  (Table  6 ) ,  b u t  
i t  was thought  a t  t h a t  t i m e  t ha t  i t  might b e  a less  s o l u b l e  
c r y s t a l  form of  DCA-70, o r  a c h a r g e - t r a n s f e r  complex between 
DCA-70 and a s m a l l  amount of  cyanur i c  a c i d .  
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T a b l e  47 

EFFECT OF CHLORIDE O N  DCA-70 STABIL ITY 
(0.100 g DCA-70 i n  MF o r  2M L iC104-MF,  6 h r ,  0 .021 g 

L i C l  o r  0 .024 g MgC12 A D D E D )  

Sol  v e n t  
Amount 

S o l u t e  (ml> 
None ( 1  1 
None 5 .0  
L i  C1 5 , O  
MgCl2 5.0 
MgCl ' 3 )  5 . 0  
None 0 .1  
L i  C1 0 .1  
MgC12 0.1 
MgCl2 0.1 

DCA- Numbe r 
MF L iC104-MF - 

70 
66 
60,55 
56,49 
54 
69 
64 
61 
67 

66 
64,58 
62,62 
N D  

N D  
ND 

N D  
N D  

( ' I  No 6 h r .  s t a n d .  
N o t  d e t e r m i n e d .  

T i t r a t e d  i m m e d i a t e l y .  

( 3 )  0.02  g S A B  

A 1 1 0  gram sample o f  DCA-70 was magne t i ca l ly  s t i r r e d  i n  1100 
m i l l i l i t e r s  of m e t h y l  formate  f o r  5 minutes .  The  i n s o l u b l e  por-  
t i o n  was f i l t e r e d  and d r i e d  a t  6OoC/15 t o r r  to g i v e  9.6 grams 
( 8 . 7 % )  o f  white c r y s t a l l f n e  s o l i d  w i t h  an ACL-number o f  59.5. 
The MF f i l t r a t e  was evapora t ed  t o  y i e l d  9 4 . 1  grams (85 .5%)  of  
DCA-70 w i t h  a n  ACL-number of 70.5.  

Flame tes ts  showed t h e  i n s o l u b l e  f r a c t i o n  t o  be  a sodium 
s a l t .  T h i s  was confirmed by e l emen ta l  a n a l y s i s  which showed 
7.09 p e r c e n t  sodium by a c t i v a t i o n  a n a l y s i s .  These data b e s t  f i t  
t h e  sodium s a l t  of  DCA-70 which i s  sodium d i c h l o r o i s o c y a n u r a t e  
(DCA-60) e 
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( DCA-60 ) 

Elec t rochemica l  d a t a  concern ing  the  performance of t h e  two 
DCA f r a c t i o n s  are found i n  S e c t i o n  I I . D . l  of t h i s  r e p o r t .  

3 .  Gas E v o l u t i o n  E x p e r i m e n t s  

a. Gas A n a l y s i s  

Work on a n o t h e r  p r o j e c t  showed t h a t  a c e l l ,  which was more 
vapor  t i g h t  t h a n  o u r  r e s e a r c h  c e l l  ( r e f .  l), could  b e  c o n s t r u c t e d  
from a 20mm x 62mm c y l i n d r i c a l  glass v i a l  c o n t a i n i n g  a number 3 
rubbe r  s t o p p e r .  The t i g h t e r  n a t u r e  of  t h i s  new c e l l  a l lowed t h e  
o b s e r v a t i o n  t h a t  gas  was evolved from the Li/DCA-70 c e l l  a f te r  
t h e  a d d i t i o n  of  e l e c t r o l y t e  t o  t h e  a c t i v e  components. We f e l t  
t h a t  t h i s  phase of t he  Li/DCA-70 s tudy  was impor t an t  enough t o  
pursue  f u r t h e r ,  ,and a q u a n t i t a t i v e  a n a l y s i s  of t h e  gaseous 
p roduc t s  was c a r r i e d  o u t .  

The gases  evolved were c o l l e c t e d  i n  a mercury displacement  
s y s t e m  (F igu re  4 1 ) .  
d u r i n g  d i s c h a r g e ,  and a f t e r  d i s c h a r g e .  The data, determined on 
1,5 amp-hr c e l l s ,  are shown i n  T a b l e  48 and can be  summarized as 
fo l lows :  

Gases were c o l l e c t e d  a t  open c i r c u i t ,  

e Lithium and p u r i f i e d  MF (4A molecular  s i e v e  t r e a t m e n t )  
g e n e r a t e s  very  l i t t l e  gas [ 0 , 9  m l  a f t e r  2 h r ,  
( c e l l  1 0 5 0 4 4 ) l .  



Figure  41, App 

114 



N 

Y) 
N C. 

9 
y1 

U) 

4 
2 
h 

c 

i 

o m a -  - o h m  
W N  U I N  

.- . - N  
N O  N -  

115 



0 Lithium and s t a n d a r d  e l e c  
w i t h  s i e v e s )  gave t e n  t i m  
h r ,  (105040b) l  as when pu 

C5.5 m l  i n  1 6  

e A f u l l  c e l l  wi thout  t h e  DCA-70 
l i t t l e  gas C5.5 m l  i n  2 . 5  

e A f u l l  c e l l  u s i n g  p u r i f i e  
s t a n d )  g e n e r a t e s  l ess  t h a  
a t  t h e  3 hour  r a t e  (105038).  

e A f u l l  c e l l  wi thout  the  

0 Discharge (af,ter a 1 h r  wet-s tand)  of a c e l l  u s i n g  
s t a n d a r d  e l e c t r o l y t e  gave about t h e  same volume of gas  
(100 m l )  as the  volume ob ta ined  u s i n g  p u r i f i e d  e l e c -  
t r o l y t e  (105045 and 105041).  The  amounts a t  open c i r -  
c u i t ,  d u r i n g  d i s c h a r g e  and a f t e r  d i s c h a r g e  were somewhat 
d i f f e r e n t ,  however, as was t h e  gas  composi t ion.  

The q u a n t i t y  of gas  evolved  from a 1 . 5  amp-hr L i / L i C 1 0 4 -  
MF/DCA-70 c e l l  u s i n g  excess  e l e c t r o l y t e  [55% excess  r e l a t i v e  to 
t h e  amount used i n  o u r  r e s e a r c h  c e l l  ( re f .  l)] v a r i e s  w i t h  how 
t h e  c e l l  i s  d i scha rged .  If t h e  c e l l  i s  d i scha rged  w i t h  a mini- 
mum wet-s tand t i m e ,  1 5  to 20 m i l l i l i t e r s  of gas e v o l u t i o n  i s  
o b t a i n e d  a f t e r  d i s c h a r g e  a t  t h e  3 hour ra te .  

If t h e  c e l l  s t a n d s  a t  open c i r c u i t  f o r  1 hour ,  i s  d i scha rged  
a t  t h e  3 hour  ra te ,  and t h e n  i s  al lowed to s t a n d  under l o a d  f o r  
an a d d i t i o n a l  10  hour  p e r i o d ,  approximately 1 0 0  m l  of gas  i s  
g e n e r a t e d .  

Gas format ion  was i n i t i a t e d  by t h e  a d d i t i o n  of e l e c t r o l y t e  
t o  an evacuated  c e l l .  The gases  gene ra t ed  by t h e  c e l l  were re- 
moved from the  mercury displacement  s y s t e m  by means of evacuated  
g l a s s  bu lbs  of known volumes. The bulb  p r e s s u r e  was e q u i l i b r a t e d  
to 1 atmosphere by a d d i t i o n  of a i r .  P re l imina ry  i n f r a r e d  s p e c t r o -  
s c o p i c  examinat ion of t h e  gases  i n d i c a t e d  tha t  m e t h y l  formate ,  
carbon d i o x i d e ,  carbon monoxide and methane were major  components. 
A vapor phase chromatographic  (vpc)  t echn ique  was developed ( 3  ft. 
Poropak 50/80 mesh, 15OoC, 15  p s i  H e ,  1 m l  sample) for t h e  q u a n t i -  
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no ted  t h a t  t h e  t o t a l  pe rcen tage  i s  g r e a t e r  t h a n  1 0 0  p e r c e n t  i n  
some a n a l y s e s .  T h i s  i s  due t o  h igh  methyl formate  v a l u e s .  It 
appears  t ha t  t he  hydrogen evolved c a r r i e s  MF w i t h  i t  ou t  of t h e  
c e l l .  P a r t  of t h e  MF t h e n  condenses i n  t h e  glass t u b e  l e a d i n g  
from t h e  c e l l  t o  t h e  mercury displacement  s y s t e m  (expe r imen ta l ly  
o b s e r v e d ) ,  While t h i s  condensed MF does no t  apprec i ab ly  i n c r e a s e  
t h e  gas  volume i n  t h e  Hg system, i t  i s  evapora ted  i n t o  the 
evacuated  gas  sampling b u l b ,  because of i t s  low b o i l i n g  p o i n t  
( 3 1 ° C ) .  The  vapor p r e s s u r e  of MF a t  2 O o C  i s  476 t o r r  ( r e f .  1 6 ) .  
The vapor  p r e s s u r e  of o u r  e l e c t r o l y t e  (2M LiC104-MF)is p r e s e n t l y  
unknown, b u t  i s  somewhat lower t h a n  t h a t  f o r  pure  MF. The peroent -  
age of  MF i n  t h e  gas  sample shou ld  b e  cons t an t  [(loo%) (vap .  p r e s s .  
e l e c t r o l y t e  f 760 t o r r ) ]  f o r  a l l  r u n s ,  While t h e  q u a n t i t a t i v e  MF 
data i s  t o o  h igh ,  the  pe rcen tage  a s s i g n e d  t o  H 2 ,  CO,  and CH4 
are c o r r e c t  s i n c e  t h e i r  c o n c e n t r a t i o n s  are based on d i r e c t  vpc 
measurements and are not  re la ted  t o  t he  MF de te rmina t ion .  

b e  Origin o f  Gas Evolutio'n 

( 1  Chemical Possibilities 

The data from Table  48 i n d i c a t e  t h a t  bo th  L i  and DCA-70 
must be p r e s e n t  t o  o b t a i n  a s i g n i f i c a n t  amount of c e l l  g a s s i n g  
( c e l l s  1 0 5 0 4 1 ,  42a,  4 2 b ) .  It i s  l i k e l y ,  t h e r e f o r e ,  t h a t  the  
g a s s i n g  i s  due t o  s e l f - d i s c h a r g e ,  A l o g i c a l  hydrogen producing,  
s e l f - d i s c h a r g e  r e a c t i o n  i s  shown i n  t h e  f o l l o w i n g  e q u a t i o n :  

O H  O L i  4 
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It can be  c a l c u l a t e d  from r u n  105043 that  a 5.8% DCA-70 l o s s  
by t h i s  r e a c t i o n  would y i e l d  1 0 . 6  m l  o f  H 2  a t  22O/760 t o r r .  T h i s  
corresponds t o  t h e  2 2 . 4  m l  found e x p e r i m e n t a l l y ,  The correspon-  
dence might be  even b e t t e r  i f  t he  t h e o r e t i c a l  amount of H 2  produced 
was based on some measure of DCA-70 p ro ton  l o s s ,  ra ther  t h a n  t h e  
5.8% a c t i v e  c h l o r i n e  loss a c t u a l l y  measured. 

I f  t h i s  r e a c t i o n  was the source  of  hydrogen i n  DCA-70 c e l l s ,  
t h e n  t h e  use  of t r i c h l o r o i s o c y a n u r i c  a c i d  (TCA-85) or t he  l i t h i u m  
s a l t  of DCA-70 ( L i C 1 2 C Y A ) ,  n e i t h e r  o f  which c o n t a i n  p r o t o n s ,  shou ld  
s o l v e  t h e  m a j o r i t y  o f  t he  g a s s i n g  problem. 

0 OLi 

CI CI 

(TCA-85) ( L i C 1 2 C Y A )  

The e l e c t r o c h e m i c a l  c e l l s  were t h e r e f o r e  c o n s t r u c t e d  w i t h  
t h e  TCA-85 and L i C 1 2 C Y A  as rep lacements  f o r  DCA-70 .  Gass ing  
data was taken  as a f u n c t i o n  of t i m e ,  and i s  p r e s e n t e d  i n  T a b l e  49 .  
It i s  s e e n  t h a t  , i n  bo th  c a s e s ,  t h e  g a s s i n g  i s  comparable t o  
t h a t  from DCA-70. T h i s  i n d i c a t e s  t h a t  t h e  gas e v o l u t i o n  i s  no t  
due p r i m a r i l y  t o  an  a c i d i c  hydrogen, bu t  ra ther  may be  due t o  an  
impur i ty  i n  t h e  c h l o r i n a t e d  cyanur i c  a c i d s  ; f o r  example, water. 

s t a n d a r d  method (vacuum d r y i n g  ove r  P 2 O 5 ) .  S ince  n e i t h e r  compound 
shou ld  c o n t a i n  hydrogen, t h e y  were ana lyzed  by NMR spec t roscopy .  
No p ro tons  were found i n  t h e  TCA-85 sample as ana lyzed  by t h i s  
method. The L i C l z C Y A ,  however, con ta ined  t h e  e q u i v a l e n t  of %2% 
water., These data i n d i c a t e  t h a t  gas  e v o l u t i o n  i s  not  a f u n c t i o n  
of impur i ty  c o n c e n t r a t i o n  (e .g . ,  water),  s i n c e  TCA-85, which 
con ta ined  no p ro tons  by NMR a n a l y s i s ,  produced as much gas  as 
DCA-70 .  It i s  p o s s i b l e  t h a t  t h e  gasses  produced from the  r e a c t i o n  
of  L i  and TCA-85 or L i C 1 2 C Y A  are n o t  t h e  same as t h e  gas  (hydrogen) 
produced from L i  and DCA-70. No a n a l y s i s ,  o t h e r  t h a n  gas  volume, 
was made on the  p roduc t s  of  t he  former r e a c t i o n s .  I f  c h l o r i n e  
or hydrogen c h l o r i d e  were produced from t h e  TCA-85 or L i C 1 2 C Y A  
r e a c t i o n s  w i t h  l i t h i u m ,  t h i s  would e x p l a i n  gas  e v o l u t i o n  wi thout  
a c i d i c  p r o t o n s  b e i n g  p r e s e n t .  However, n e i t h e r  gas w a s  observed,  
v i s u a l l y ,  when gas samples were removed from t h e  c o l l e c t i o n  
appa ra tus .  The p o s s i b i l i t y  t h a t  n i t r o g e n  or N C 1 3  i s  produced by 
r i n g  degrada t ion  s t i l l  e x i s t s .  

Both t h e  TCA-85 and t h e  L i C 1 2 C Y A  were r ed r i ed  by ou r  



G A S  EVOLUTION WITH PROTONIC AND NON-PROTONIC DEPOLARIZERS 

( D i s c h a r g e  t h r o u g h  20 ohms) 

D e p o l a r i z e r  

DCA-70 

LiC12CYA 

TCA-85 

Gas E v o l v e d  ( m l )  
A f t e r  
6 0  m i n  T o t a l  

4 0  51  

6 5  

6 3  

5 4  

6 5  

6 8  

>80 

C e l l  - 

1 0 5 0 7 0  

1 0 5 0 7 1  

1 0 5 0 7 2  

1 0 5 0 7 3  
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Another p o s s i b l e  s o u r  
It was p o s s i b l e  tha t  t he  a 
t h e  e l e c t r o l y t e  to form a p roduc t  which was conver ted  to a gas  
a t  the  anode*. The q u e s t i o n  of whether t h i s  product  was formed 
at  carbon p o l a r i z e d  to 4 v o l t s  vs  L i ,  or was due t o  a chemical 
r e a c t i o n  of DCA-70 and MF was answered by p o l a r i z i n g  a L i / C  c e l l  
(Without D C A - 7 0 ) .  

A g a s - t i g h t  c e l l  of Li/LiClO~+(MF)/Carbon was se t  up similar 
to t h e  normal c e l l ,  bu t  wi tbout  DCA-70 .  A t  open c i r c u i t ,  1 m l  
of gas  was c o l l e c t e d  and the p o t e n t i a l  was 1 . 4  v o l t s  ( e l e c t r o -  
meter r e a d i n g ) .  However, 90 mA (2mA/cm2) was r e q u i r e d  to reach  
3.5 v o l t s .  A t  t h i s  p o i n t  t he  c e l l  was w a r m  and f u r t h e r  c u r r e n t  
i n c r e a s e  was not  p r a c t i c a l .  

A gas  sample was o b t a i n e d  a t  t h i s  t i m e  (30 m l  i n  1 h o u r ) .  
The sample was ana lyzed  as 1 6  torr H 2  p r e s s u r e ,  3 torr CHI, and 
4 torr CO. It i s  imposs ib l e  tha t  t h e  c e l l  would r e q u i r e  t h i s  
amount of c u r r e n t  to r e a c h  even 3.5 v o l t s .  T h i s  would s e v e r e l y  
l i m i t  t h e  Li/DCA-70 c e l l ,  s i n c e  t h e  c o r r o s i o n  c u r r e n t  would b e  
much g r e a t e r  t h a n  6 mA/cm2 a t  4 . 0  v o l t s .  However, t he  gas  sample 
data i s  not  u n l i k e  t h e  data c o l l e c t e d  for f u l l  c e l l s  (Table  4 8 ) .  

I t  was f e l t  t ha t  the  e , l e c t r o l y t e  might be impure. Thus, 
new e l e c t r o l y t e  w a s  p repa red  and t h e  t e s t  r epea ted .  T h i s  t i m e  
$1 mA/cm2 was r e q u i r e d  to b r i n g  t h e  v o l t a g e  from 1 . 9 5  V to 3.85 
v o l t s  i n  20 minutes .  A t  t h f s  p o i n t  t h e  v o l t a g e  dec reased  to 
3.70 v o l t s .  I n c r e a s i n g  the c u r r e n t  t q  112 mA/cm2 i n c r e a s e d  t h e  
v o l t a g e  t e m p o r a r i l y .  Only 6 m l  of gas  was c o l l e c t e d  i n  1-1/2 
hour s ,  i n  t h i s  experiment .  T h i s  wag an i n s u f f i c i e n t  q u a n t i t y  
for a n a l y s i s .  
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Discharge data was c o l l e c t e d  on each  e l e c t r o l y t e  and no 
s i g n i f i c a n t  d i f f e r e n c e  w 
d e a c t i v a t e s  t h e  carbon,  
s i g n i f i c a n t  e l e c t r o l y s i s  
due t o  e l e c t r o l y s i s  of  t 

C .  

The e f f e c t  of LiC101, p u r i t y  was s t u d i e d  w i t h  a sample from 
Atomergic Chemetals used  as t h e  e l e c t r o l y t e  s a l t .  The LPC104 
sample was similar t o  t ha t  produced f o r  Rocketdyne, which was w e l l  
c h a r a c t e r i z e d  ( C o n t r a c t  NAS3-8521). While the gas  measuring s y s t e m  
i n a d v e r t a n t l y  was n o t  connected to t he  c e l l  f o r  t h e  f i r s t  two 
minutes  a f t e r  a d d i t i o n  of  t h e  e l e c t r o l y t e ,  t h e  data i n  F i g u r e  43 
( s e e  a l s o  T a b l e  50) show no a p p r e c i a b l e  d e c r e a s e  i n  gas  e v o l u t i o n  
due to a change of L i C l O k  s o u r c e .  

i n  T a b l e  50.  T h i s  c e l l  was immersed i n  a t o l u e n e  b a t h ,  which i n  
t u r n  was cooled  by an ice-water  bath.  The t o l u e n e  t empera tu re  
v a r i e d  from 3-5"C. Upon a d d i t i o n  of ambient e l e c t r o l y t e ,  there  
was an  immediate e v o l u t i o n  of gas  (26 m l ) ;  t h e  q u a n t i t y  dec reased  
to 1 5  m l  as t h e  c e l l  Pe turned  to 4 O C .  The i n c r e a s e  i n  gas volume 
a f te r  t h e  i n i t i a l  s u r g e  was s l i g h t  ( 6  m l  i n  2 h o u r s ) .  F u r t h e r -  
more, much of t h e  gas  was m e t h y l  fo rma te ,  s i n c e  c o o l i n g  t h e  gas  
b u r e t t e  w i t h  a small p i e c e  o f  d r y  i c e  dec reased  t h e  gas  volume by 
5 m i l l i l i t e r s .  

R e s u l t s  of  a low t empera tu re  t e s t  (109286) are a l s o  descr ibed 

Excess m e t h y l  formate  was a l s o  observed  i n  t h e  bottom o f  t he  
c e l l  i n  the 4 O C  t e s t .  T h i s  i s  n o t  s e e n  a t  ambient c o n d i t i o n s ,  and 
i n d i c a t e s  t h a t  e x t r a  e l e c t r o l y t e  i s  normally used  i n  v a p o r i z a t i o n  
coo l ing .  The d i s c h a r g e  o f  t he  c e l l  a t  4 O C  ,at 20 ohms (approx.  
6-hour ra te)  y i e l d e d  56.8% ca thode  e f f i c i e n c y  and 134 w-hr/lb. 
By warming t h e  c e l l  to room tempera tu re  when t h e  v o l t a g e  reached  
2 . 0  V,  an  a d d i t i o n a l  7.5% i n  e f f i c i e n c y  and 1 5  w-hr/lb i n  energy 
d e n s i t y  were o b t a i n e d .  

Thus, g a s s i n g  can be reduced  by low t empera tu re  o p e r a t i o n ,  
and much of t h e  gals produced i s  m e t h y l  formate  vapor ,  which i s  
r e a d i l y  condens ib l e  und 

d i f f e  
tes ts  
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C e l l  No. 

110729 

105070 

110732 

110739 

T a b l e  51 

G A S S I N G  AND PERFORMANCE OF Li/DCA-70 CELLS 
AT LOW TEMPERATURE (4°C) 

( D i s c h a r g e  t h r o u g h  200)  

E l e c t r o l y t e  

4.25 m l  2M 
L i A s F 6  

4.25 m l  2M 
L i C l 0 4  

4.0 m l  2M 

+0.5 m l *  

3.5 m l  2M 
LiCIO1, 

LiASF6 

+0.5 m l  

Temp 
oc 
25 

23 

4 
4 
4 
amb' 

4 
4 
4 
amb 
amb 

Gas 
T ime V o l  E f f i c i e n c y  
O U  A 

10 39 
60 54 

160  55 23.5 

10 24 
60 40 

374 52 64.5 

10  -2.2 
60 -1.4 

295 -1.3 46.2 
381 -1.1 58.0 

10  14.3 
60 23.2 

267 23.2 44.0 
34 2 25.9 53.5 
43 1 66.7 

Energy  D e n s i  t y  - l b !  

47 

161  

106 
119 

111 
128 
148 

Average 
V o l t a g e  
.blQLtd 

2.73 

3 . 3 0  

2.88 
2.78 

3.06 
2.90 
2.87 

* E l e c t r o l y t e  a d d i t i o n  was a t  4°C and d i d  n o t  i m p r o v e  c e l l  p e r f o r m a n c e ,  
T T e m p e r a t u r e  o f  c e l l  r a i s e d  t c  ambien-,, 



The s o l u b i l i t y  of  DCA-70 was measured i n  2 M  LiAsF6. The 
e l e c t r o l y t e  s a l t  was found t o  d e c r e a s e  t h e  DCA-70 s o l u b i l i t y .  
Thus, t he  s o l u b i l i t y  of  DCA-70 i n  MF i s  15 w t - % ,  and i n  2M LiAsF6 
i t  i s  7 w t - % .  Th i s  may be t h e  r e a s o n  f o r  t h e  b e t t e r  performance 
of LiC104 e l e C t r o l y t e  c e l l s ,  s i n c e  t h e  s o l u b i l i t y  of DCA-70 i n  
2 M  L i C 1 0 4  i s  1 2  w t - % ,  and the ra te  of s o l u b i l i t y  i s  also much 
h i g h e r  t h a n  i n  2M LiASF6. 

4 .  Cell  Protec t ion  Experiments 

a. Introduct ion 

The Li/DCA-70 Dry Tape s y s t e m  may r e q u i r e  a method f o r  
p r o t e c t i n g  t h e  t a p e  from a tmospher ic  c o n t a c t .  Th i s  method could  
be t h e  e n c l o s u r e  of t h e  e n t i r e  s y s t e m ,  o r  t h e  p r o t e c t i o n  of  on ly  
t h o s e  elements  r e q u i r i n g  p r o t e c t i o n .  While i t  was known t h a t  
l i t h i u m  must be p r o t e c t e d  from water vapor ,  n i t r o g e n  and oxygen, 
t he  long  term e f f e c t  o f  water vapor  on t h e  cathode was unknown. 
Water might lower the DCA-70 s t a b i l i t y ,  t h u s  d e c r e a s i n g  c e l l  
e f f i c i e n c y ,  and i t  could  a l s o  cause c e l l  g a s s i n g .  A program 
was i n i t i a t e d  t o  e v a l u a t e  t h e  n e c e s s i t y  f o r  cathode p r o t e c t i o n ,  
and t h e  p o s s i b i l i t y  of p r o t e c t i n g  t h e  e n t i r e  t a p e  i n  a polymer 
envelope 

I f  t h e  cathode d i d  not  need p r o t e c t i o n ,  t h e n  anode pro-  
t e c t i o n  might be achieved  wi th  polymer envelopes  o r  f i l m s .  Anode 
p r o t e c t i o n  methods such as s a l t  complexing o r  metal a l l o y i n g  t o  
e f f e c t  p a s s i v a t i o n  were no t  s t u d i e d .  
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b, L i t h i u m  C o a t i n g  

The preferred polymer c o a t i n g  f o r  l i t h i u m  would be  a p l a s t i c  
which i s  s o l u b l e  i n  methyl  formate  which upon s o l u t i o n ,  would n o t  
g r e a t l y  i n c r e a s e  t h e  v i s c o s i t y  or d e c r e a s e  t h e  c o n d u c t i v i t y  of 
t he  e l e c t r o l y t e ,  Methyl m e t h a c r y l a t e  i s  s o l u b l e  i n  MF, r e l a t i v e l y  
impermeable t o  water vapor  and was r e a d i l y  d e p o s i t e d  as a f i l m  
on l i t h i u m  from a benzene s o l u t i o n ,  Three l i t h i u m  s t r i p s  were 
p r o t e c t e d  w i t h  v a r i o u s  t h i c k n e s s e s  of  polymer, and l e f t  a t  ambient 
c o n d i t i o n s .  Each c o a t i n g  s ta r ted  t o  p e e l  away a f t e r  1-3 days ,  
l e a v i n g  u n p r o t e c t e d  l i t h i u m .  A t h i n  f i l m  a f f o r d e d  b e t t e r  pro-  
t e c t i o n  t h a n  a t h i c k  f i l m .  No method o f  c o r r e c t i n g  the p e e l i n g  
was obvious .  There i s  most p robab ly ,  a chemical  r e a c t i o n  between 
l i t h i u m  and t h e  polymethylmethacry la te .  

P a r a f f i n  c o a t i n g  o f  L i  was a t t empted  from s o l v e n t s  and 
from the  m e l t .  Only t h e  m e l t  gave a n o n - c r y s t a l l i n e  c o a t i n g .  
The c o a t i n g  from mol ten  wax gave a p r o t e c t i o n  which appeared t o  
las t  f o r  a t  l ea s t  a month. T h e r e f o r e ,  a series of  t es t s  were 
s e t  up t o  s t u d y  d i s c h a r g e  o f  l i t h i u m  v e r s u s  new ca thodes  a f t e r  
1 week and 1 month p e r i o d s .  The wax must be removed by a separate 
s o l v e n t  wash,, ( e . g . ,  l i g r o i n )  j u s t  p r i o r  t o  u s e .  

L i th ium s t r i p s  (1 x ‘rr i n c h e s )  were dipped i n  mol ten  p a r a f f i n  
wax, i n  a g love  box. The i n c r e a s e d  weight  ( 0 . 2  gram) cor responds  
t o  a p a r a f f i n  t h i c k n e s s  of 0 . 0 0 2  i n c h .  These samples were p l a c e d  
i n  s t o r a g e  at  ambient and 70°F, 50% R . H . ,  and removed a f te r  1 
and 4 week p e r i o d s .  The p a r a f f i n  wax was removed w i t h  hexane i n  
t h e  g love  box, b e f o r e  assembl ing  t h e  t e s t  c e l l  f o r  d i s c h a r g e ,  
The i n c r e a s e d  weight due t o  p a r a f f i n  p r o t e c t i o n  i s  0 . 0 0 4  g/cm2 
o f  tape,  

Data on c e l l  d i s c h a r g e ,  u s i n g  t h i s  l i t h i u m  and new ca thodes ,  
are shown i n  T a b l e  52:’ T a b l e  53 can be  used as a basis f o r  com- 
p a r i s o n , w i t h  new l i t h i u m .  The p r o t e c t i o n  f o r  one week p e r i o d s  
i s  very good. 

Only one of  t h e  f o u r  week wax-protected samples of  l i t h i u m  
cou ld  be d i s c h a r g e d  e f f e c t i v e l y .  The l i t h i u m  was b r i t t l e  i n  a l l  
c a s e s ,  and i n  one i n s t a n c e ,  t h e  t a b  was a lmost  completely d i s -  
connected b e f o r e  t h e  c e l l  was assembled. A s  would b e  expec ted ,  
t h e  l i t h i u m  s u r f a c e  was grey and a t  the  start of t he  d i s c h a r g e  
and t h e  v o l t a g e  was low. During d i s c h a r g e ,  however, t h e  l i t h i u m  
became e t c h e d  and t h e  c e l l  performance improved. 
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One l i t h i u m  s t r i p  was l e f t  unpro tec t ed  a t  ambient c o n d i t i o n s  
(72OF, 20% r e l .  humidi ty)  f o r  s i x  hours  b e f o r e  d i scha rge .  The 
l i t h i u m  became s e v e r e l y  corroded.  However, under  t h e  s t a n d a r d  
d i s c h a r g e  c o n d i t i o n s  ( 1 0  mA/cm2) t h e  c e l l  gave an  average of 
2.79 v o l t s ,  32% cathode e f f i c i e n c y ,  and 82 wat t -hr / lb  ( C e l l  No. 
1 1 0 7 0 1 ) .  

c.  Tape E n c a p s u l a t i o n  

( 1  ) P o l y m e r  S c r e e n i n g  E x p e r i m e n t s  

Three f i l m s  were chosen f o r  i n i t i a l  s t u d y .  These were: 

P o l y m e r  

Saran  
A c l  a r  33C 

T h i c k n e s s  

0.0005 i n c h  and 0.002 i n c h  
0.002 i n c h  

P o l y e t h y l e n e  0.005 i n c h  

Both l i t h i u m  and complete c e l l s  were packaged w i t h  these materials. 
After one week under ambient c o n d i t i o n s ,  t h e  Aclar  f i l m  was 
obvious ly  s u p e r i o r .  These data agree w i t h  e a r l i e r  data on 
e l e c t r o l y t e  e n c a p s u l a t i o n  concern ing  polymer-moisture pe rmeab i l i t y  
( r e f .  1). Figure  44 shows t h e  encapsu la t ed  c e l l s .  

The f o l l o w i n g  expe r imen ta l  program was se t  up w i t h  Aclar  
f i l m  e n c a p s u l a t i o n :  

I .  Ambien t  C o n d i t i o n s  - T e s t s  a f t e r  1 week, 1 month,  
3 months  

A .  T o t a l  c e l l  e n c a p s u l a t i o n  - d u p l i c a t e  t e s t s ,  10 mA/cm2 
B. L i t h i u m  e n c a p s u l a t i o n  - s i n g l e  t e s t ,  10  mA/cm2 

1.  L i  v s  c a t h o d e  s t o r e d  same t i m e  
2 .  L i  vs  new c a t h o d e  

11. 7OoF and 50% R e l a t i v e  H u m i d i t y  - same s e r i e s  as above 

A Blue M Constant  Temperature/Constant Humidity Cabinet was 
used f o r  t he  c o n t r o l l e d  t empera tu re  and humidity exper iments .  
The cathodes were prepared from t h e  1 hour P-K b l e n d e r  mix. 

The Aclar  envelope was 0 , 0 0 2  i n c h  t h i c k  and added 0.95 gram 
t o  t h e  weight of the  anode or t o  the  c e l l .  The c e l l  weight,was 
3.87 grams. T h i s  envelope ,  however, must a l s o  cover  a 1-inch 
l i t h i u m  t a b .  Hence, t h e  Aclar  weight i s  0.018 g/cm2 of tape.  
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Results 

Discharge d a t a  f o r  1, 4 and 1 2  week s t o r a g e  p e r i o d s  are shown 
i n  Table  54. T o t a l  c e l l  e n c a p s u l a t i o n  was completely e f f e c t i v e  
i n  p r o t e c t i n g  c e l l s  for three month p e r i o d s .  

R e s u l t s  were t h e  same when p r o t e c t e d  l i t h i u m  was d i s c h a r g e d  
a g a i n s t  e i t h e r  new ca thodes  o r  p r o t e c t e d  ca thodes .  There i s  no 
ev idence  of c h l o r i n e  vapor  from DCA-70 r e a c t i n g  w i t h  the  l i t h i u m  
d u r i n g  t h e  s t o r a g e  p e r i o d  i n  Ac la r .  However, ca thodes  l e f t  
u n p r o t e c t e d  under  t h e  same c o n d i t i o n s  were s i g n i f i c a n t l y  degraded.  
The cathode l e f t  at 50% r e l a t i v e  humidi ty  l o s t  31% of i t s  a c t i v e  
c h l o r i n e  c o n t e n t  and r e q u i r e d  an e x t r a  0 . 5  m l  of e l e c t r o l y t e  for 
a c t i v a t i o n ,  The performance was 2 t o  3 times worse t h a n  t h a t  
expec ted  of a new ca thode .  The apparent  low energy d e n s i t y  o f  
t h e  ambient cathode c e l l  (No. 110737) i s  due t o  t h e  l i g h t  weight 
of 

E. 

1. 

2 .  

3. 

4 .  

5. 

6 .  

7 .  

8 ,  

9 .  

t h i s  sample.  The e f f i c i e n c y  and v o l t a g e  are normal.  
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Appendix T a b l e  A-5 

CONSTANT CURRENT TESTS 

S e p a r a t o r  E l e c t r o l y t e  P r e s s u r e  Current Current Cathode Energy 
T h i c k n e s s  2W LiC10 C a p a c i t y  O e n s i t  Average E f f i c i e n c y  D e n s i t y  O i s c h a r g e  

(m1/20cm2j Formi!~+!stins ( m i l s )  (amp-min) {mA/cm3) (%)  (w-h r / lb )  Time(min1 V o l t ( v )  

3 1 .5  300 8 47.25 37 .5  2.59 12 .9  30 .8  8.1 

3 1.5’ 300  8 41.25 37 .5  2.59 9 .4  21.7 5.9 

3 1 .5 ’  300 8 47.25 2 5  2.89 15 .9  40.7 15.0 

3 1 . 5 *  300 8 47.25 1 0  82 .8  69.8 2.94 29.5 

3 1.!i2 300 8 47.25 25 2.13 4.1 8 . 4  3 .9  

3 1 . 5 3  300 8 47.25 2 5  2.70 2 4 . 6 -  62 .3  23.3 

3 1.Ci3 300 8 47.25 1 0  2 .88  40.5 109.0 95 .6  

3 1 . 8  300 8 47.25 1 0  3.17 56.3 151.2 133.0 

3 1 .5  300 8 47.25 1 0  3.17 55 .4  161.9 130.8 

3 1 . 5  300 8 47.25 1 0  3.22 52 .6  156.2 124.2 

3 1 .5  300 8 47.25 1 0  3.20 5 2 . 9  156.2 125.0 

3 1 . 5  300 8 47.25 1 0  3.08 58.5 166.4 136.3 

3.22 50.2 149.0 118 .5  3 1.5 300 8 47.25 1 0  

3 1.5 300 8 47.25 10 3.17 42 .5  124.4 100.5 

3 .18  56.7 166.3 133.9 3 1 . 5  300 8 47.25 1 0  

3 .05  56.1 149.1 132 .6  3 1 . 7  300 8 47.25 IO 

41.42 10 3.15 56.2 152.0 116 .5  3 1 . 5  300 8 

47.25 1 0  3.23 54.0 160.8 127.5 3 1 . 5  300 8 

3 1 . 5  300 8 37.89 1 0  3 .19  60 .2  156.5 114.2 

3.14 57.7 145.2 106.3 3 

3.07 60.6 148.9 111.4 3 

3 1.5 300 8 47 .25  1 0  3 .18  58 .6  172 .0  138.5 

3 2.0 300 8 47.25 IO 3.06 56.2 138.2 132 .8  

3.07 5 3 . 5  131.9 126.3 3 2.0 

3.12 55 .0  149.4 129.9 3 1 .7  

3 1 .7  300 8 47 .25  1 0  3.15 54 .5  149 .6  128 .8  

3 1 . 7  300 5 .3  47.25 10 3 .09  59.1 159.1 139 .6  

3 1 . 8  300 5.3 47 .25  IO 3.13 55.9 148.1 132.0 

1 . 5  300 8 36 .82  IO 

1 . 5  300 8 36.76 10 

300 8 47 .25  I O  

300 8 47.25 10 

SA8 + CF WE f o r  IO s e c  

Cathode p r e - p r e s s e d  and c u t  

l o  Cathode s t o r e d  1 week, ambien t  

l 1  L i  i n  S a r a n ,  1 week ambien t ;  new c a t h o d e  

2 2  L i  and c a t h o d e  i n  Ac la r .  1 week ambien t  

l 3  SAB s c r e e n e d  th rough  20 mesh 

Cathode Mate ri a1  s 

Ref. No. OCA-70 CF Blend 
( g / 2 0  cm2) -- 

109323 1 .50  0 . 2 8  0 .02  P K  1Omin 

109324 1.50 0 .28  0 .02  PI( l0min 

109325 1 .50  0 .28  0.02 P K  lOmin 

109326 1.50 0 .28  0.02 P K  lOmin 

109327 1.50 0.28 0 .02  P K  lOmin 

109328 1.50 0.28 0.02 P K  10min 

109329 1.50 0.28 0 .02  P K  l O m i n  

109330 1.50 0 . 3 0 4  ---- PK 10min 

109332 1 . 5 0 5  0.28 0.02 WE 0.5min 

109333 1 .50  0.28 0.02 W8 0.5min 

109334 1.50 0 .28  0.02 WE O.5min 

109335 1.50 0 .28  0.02 W8 O.5min 

109336 1 .506  0.28 0 .02  PK lOmin 

109337 1.50’ 0 .28  0.02 PK lOmin 

109338 1 .50  0 . 2 8 *  0 .02  WE 5 s e c  

109340 1 .50  0 .28  0.02 WB 5 s e c  

1092389 1 .315  0.246 0 .018  P K  l h r  

109239 1.50 0 .28  0.02 WB 0.5min 

109241 $ 0  1.203 0.224 0.016 P K  I h r  

10924211 1 .169  0 .218  0.016 PK l h r  

10924312  1.17 0.22 0.016 P K  l h r  

109246 1.50 0.28 0 .02  W8 1 0 s e c  

109247 1 . 5 0  0 . 2 8  0.02 WB 5 s e c  

109248 1 . 5 0  0.3O”O.O P K  lOmin 

109250 1 .50  0.3OJ30.0 P K  lOmin 

109251 1 .50  0 .28  0 .02  PK l h r  

109253 1.50 0 .28  0 .02  PK I h r  

109257 1 .50  0 . 2 8  0 .02  PK l h r  

1 3M L i C I O ,  

2 IM LICIOW 

3 1.5M LiClOt+ 

* SA8 s c r e e n e d  t h r o u g h  50 mesh 

5 ,400 mesh OCA-70 

6 + l o 0  t o  -325 mesh 

<50  mesh 
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A p p e n d i x  Table A-7  

CONSTANT CURRENT TESTS 

Ref. No. 

109257 

109258' 

109259 

109262l 

109263 

10926E2 

10927 1 3 

1092723 

109273' 

109274" 

1092755 

1092766 

1092777 

1092788 

10927g8 

1092802 

109282 

1092839 

1092849 

109285' 

10928911 

109290l' 

Cathode Materials 
(9/20 cmz) 

DCA-70 CF Blend 

1.5 0.28 0.02 PK/lhr 

1.5 0.28 0.02 PK/lOmin 

1.5 0.28 0.02 PK/lhr 

1.5 0.28 0.02 PK/lhr 

1.5 0.307 0.022 PK/lhr 

1.34 0.251 0.018 PK/lhr 

1.31 0.246 0.018 PK/lhr 

1.32 0.248 0.018 PK/lhr 

1.32 0.247 0.018 PK/lhr 

1.35 0.252 0.018 PKllhr 

1.32 0.247 0.018 PKllhr 

1.43 

1.34 

1.31 

1.32 

1.32 

1.5 

1.26 

1.30 

1.32 

0.45 

0.45 

0.267 0.019 PK/lhr 

0.250 0.018 PK/lhr 

0.245 0.018 PK/lhr 

0.247 0.018 PK/lhr 

0.247 0.018 PK/lhr 

0.307 0.022 PK/lhr 

0.235 0.017 PK/lhr 

0.243 0.017 PK/lhr 

0.246 0.018 PK/lhr 

0.56 0.04 WBllmin 
0.56 0.04 iiS/lmin 

Separator 
Thickness 

(mils) 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

109291 1.5 0.25 0.02 PK/lhr 3 

10929211 0.19 0.28 0.02 WB/lmin . 3 
10929411 0.19 0.28 0.02 WB/lmin 3 

109295 1.50 0.28 0.02 PKllhr 3 

10929611 0.19 0.28 0.02 WBllmin 3 

109297l2 1.50 0.28 0.02 WB/O.';min 3 

10929813 1.24 0.234 0.017 PK/lhr 3 

10929913 1.23 0.224 0.017 PK/lhr 3 

10930014 1.48 0.274 0.019 PK/lhr 3 

a 3M LiClOQ 

1 0.359 Graphite at base 

2 Li-Aclar/lwk (ST + H)*/new cathode 

3 Cell-Aclar/lwk ST + H 

4 Li-wax/lwk ambient 

Li-Aclar/lwk/cathode/lwk ambient 

6 Li-Aclar/lwk/cathode/lwk ST + H 

7 Cell-Aclar/lwk ambient 

Electrolyte Pressure Current 
(psi) Capacity 

Forming Testing (amp-minl 

1.8 300 5.3 

1.5 300 B 
1.8 100 5.3 

1.7 300 8 

2.5 300 5.3 

1.5 300 8 

1.5 300 8 

1.5 300 8 

1.5 300 8 

1.5 300 8 

1.5 300 8 

1.5 300 8 

1.5 300 8 

1.5 300 8 

1.5 300 8 

1.5 300 8 

2.5 300 5.3 

1.5 300 8 

1.5 380 8 

1.5 300 8 

3.0 300 8 

47.25 

47.25 

47.25 

47.25 

47.25 

42.37 

41.45 

41.83 

41.58 

42.53 

41.58 

45.05 

42.26 

41.25 

41.58 

41.58 

47.25 

39.69 

40.95 

41.58 

14.18 

3.0 300 8 14.18 

10 

10 

10 

10 

10 

-1 0 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

25 

10 

10 

10 

10 

10 

1.5 300 6 47.25 10 

1.3 300 8 6.15 10 

1.3 300 8 6.15 5 

1.5 300 8 47.25 10 

1.3 300 8 6.15 5 

1.7 300 8 47.25 10 

1.5 300 8 39.06 10 

1.5 300 8 38.75 10 

1.5 300 8 46.62 10 

8 Li-wax/lwk S T  + H 

9 Cell-Aclar/4wk Ambient 

1 0  Li-Aclar/Qwk ambfent/new cathode 

1 1  OCA-70 i n  electrolyte. 15 wt % 

Blended 0.159 LiPFG i n  mix 

1 3  Cell-Aclar/4wk ST + H 

14 Li-Aclar/rlwk ST + Hlnew cathode 
7OoF/50% relative humidity 

Cathode Energy 
Average Efficiency Density Discharge 
Volt(V) ( % I  (w-hr/lb) Tlme(mfnf 

3.13 55 148 132 

2.78 42 106 101 

3.09 59 156 141 

3.12 59 162 141 

3.10 62 133 148 

3.12 56 152 119 

3.10 59 158 123 

3.03 54 . 142 114 

2.99 56 144 117 

3.23 54 154 116 

3.09 59 158 124 

2.91 49 130 112 

3.09 58 156 123 

3.14 42 115 87 

3.13 48 131 101 

3.06 57 150 119 

2.58 27 49 26 

3.14 61 162 122 

3.09 55 147 114 

3.13 55 150 115 

3.22 40 28 28 

2.50 28 15 8 

2.67 52 136 

3.04 25 15 

3.43 35 24 

3.14 53 156 

2.88 28 16 

3.25 49 135 

3.12 57 149 

2.96 60 146 

2.66 29 71 

123 

7 

22 

127 

17 

117 

112 

116 

68 
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